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Preface 



k 



Anytime. Anywhere. 

Mobile communication lets you keep in touch. 



The introduction of radio wave transmission by G.M. Marconi and the tele- 
phone by Graham Bell in the late 19th century together brought dramatic 
changes in the way we communicate. By combining the two, we now possess a 
powerful communication tool enabling us to keep in touch with anyone, any- 
time and anywhere. Technological breakthroughs have contributed to this 
scheme by providing compact electronic devices, and without such progress, 
our present situation could not have existed. We foresee a bright future based 
on the further progress of mobile communication. The authors of this book 
have engaged in the downsizing of radio frequency (RF) circuits found in 
wireless communication devices. Filtering devices are an essential component 
for such circuits, and considerable effort has been put into the research and 
development of such devices. This book starts from a conceptual view of 
such filters, and expands on this idea to provide a practical solution for the 
application of filtering devices. 

The purpose of this book is (1) to provide general information and ba- 
sic design procedures for filters applied to wireless communication systems, 
(2) to illustrate the availability and introduce actual design examples of the 
stepped-impedance resonator (SIR) structure intended for the RF/microwave 
region, and (3) to propose a more general concept for transmission-line res- 
onators based on an expanded SIR structure. Basic theory and analysis meth- 
ods for RF/microwave transmission line resonators are extensively explained, 
followed by the synthesis theory and practical design techniques for filters ap- 
plying such resonators. Various design examples are also presented in each 
part. The book is sure to offer useful information for students engaged in 
microwave circuit theory, researchers in the field of electromagnetic wave en- 
gineering, and R&D engineers of wireless communication systems and circuits 
design. 

The features of this book are as follows: (1) The concept of SIR is in- 
troduced in order to expand the applicable frequency range of the conven- 
tional transmission-line resonator. (2) Novel resonator/filter structures ap- 
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plying newly developed dielectric and superconducting materials along with 
advanced micromachining fabrication technologies are introduced. (3) Res- 
onator applications are extended beyond filtering devices, to RF devices with 
new structures such as a balanced mixer and a low phase noise oscillator. Such 
topics have received scant attention up to now, and thus we are convinced 
that this book will provide useful information for the present and future 
development of compact and high performance radio equipment. 

The book is organized into six chapters and an appendix. Chap. 1 starts 
with an overview, including historical perspectives of filters, applied to com- 
munication systems. Next, the required functions and characteristics of the 
various types of filters applicable to wireless communication equipment are 
presented. Here we introduce the stepped inpedance resonator (SIR) as a 
promising resonator structure capable of overcoming the essential drawbacks 
of the conventional transmission-line resonator, which is commonly applied to 
filters in the RF/microwave region. In Chap. 2, the basic structure and prop- 
erties of the SIR are analyzed by introducing the concept of transmission-line 
impedance ratio. Chap. 3 explores the quarter-wavelength type SIRs and their 
application to filters. Practical use of this SIR has progressed in the shape of 
coaxial dielectric resonators, and various examples focusing on miniaturiza- 
tion techniques are presented in this chapter. Chap. 4 concentrates on half- 
wavelength type SIRs and their application. This SIR structure is easily re- 
alized with stripline configurations and possesses a high affinity with active 
devices. Utilizing these advantages, practical applications to mixers and os- 
cillators, as well as filters, are illustrated through experimental examples. 
Chap. 5 discusses one-wavelength type SIRs. This SIR is usually designed as 
a dual-mode resonator because it is too large for single mode application. 
The excitation method and theoretical analysis of the dual-mode resonator is 
introduced, and a design method for dual-mode filters is derived. Experimen- 
tal examples are also presented. Finally, in Chap. 6 the wider concept and 
technological trends of SIRs are presented. Here, topics such as expansion of 
applicable frequency range, problems to be solved, and promising applications 
of SIRs are discussed and summarized. In addition, in the Appendix we intro- 
duce the method of analysing of single resonators and resonator-pairs using a 
general-purpose microwave circuit simulator. This analysis method provides 
a generalized estimation of resonator properties for filter synthesis, without 
having to develop an application-specific computer program. This technique 
is applied to filter design throughout this book, and can be recommended as 
a highly practical design method. 

As previously mentioned, it seems evident that wireless communications 
will progress in the direction of global personal communication systems based 
on multimedia content. Accordingly, the role of the filtering device as a key 
RF component will become even more important, and requirements for per- 
formance will become more critical. We hope this book will contribute to the 
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design and development of filters for wireless communications, and promote 
further development of advanced filtering devices. 

Most of the technical material relating to SIRs in this book is compiled 
from R&D results achieved at the Matsushita Research Institute Tokyo in 
the past 25 years. We would like to express our sincere gratitude to the many 
researchers who have travelled a long way to engage in this project, along 
with our colleagues at Matsushita Communication Industrial Co. who have 
provided us with valuable advice and evaluation leading to the achievement 
of publishing this book. We would also like to deeply thank Dr. M. Sagawa, 
Dr. H. Yabuki, Mr. M. Matsuo, and Dr. A. Enokihara for their courtesy in 
offering us valuable experimental data on filter establishment. 

Finally, we would like to thank Mr. K. Goho who put much effort into 
translating this book, as well as Dr. C. Ascheron of Springer- Verlag for pro- 
viding us the opportunity and helpful advice in publishing this book. 



Kawasaki, Japan 
Summer, 2000 



Mitsuo Makimoto 
Sadahiko Yamashita 
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1. Introduction 



1.1 The History of Filters in Telecommunication 

Filters in electric circuits have played an important role since the early stages 
of telecommunication, and have progressed steadily in accordance with the 
advancement of communication technology In 1910, the introduction of the 
carrier telephony system - a novel transmission system of multiplex com- 
munication - drastically reformed the technological landscape surrounding 
telecommunications and introduced a new era in telecommunications. The 
system required the development of new technology to extract and detect 
signals contained within a specific frequency band, and this technological ad- 
vance further accelerated the research and development of filter technology. 

In 1915, the German scientist K.W. Wagner introduced a filter design 
method which became well known as the “Wagner filter”. Meanwhile, an- 
other design technique was under development in the United States by G.A. 
Cambell, a design which later became known as the image parameter method. 
After these technological breakthroughs, many notable researchers including 
O.J. Zobel, R.M. Foster, W. Cauer and E.L. Norton actively and systemati- 
cally studied filter design theory using lumped element inductors and capac- 
itors. Subsequently, a precise filter design method with two specific design 
steps was introduced in 1940. The first step in this filter design method was 
the determination of a transfer function that met with the required specifi- 
cations. Then, using a frequency response estimated by the previous transfer 
function, the second step was to synthesize electrical circuits. The efficiency 
and success of this filter design method were unmatched, and most current 
filter design techniques today are based on this early method. 

Soon, filter design development expanded from the lumped-element LC 
resonators to the newly discovered field of distributed-element coaxial res- 
onators or waveguide resonators [1]. Simultaneously, broad advances in the 
field of filter materials were achieved, greatly advancing the progress of filter 
devices. In 1939, P.D. Richtmeyer reported that the dielectric resonator [2], 
which utilized electromagnetic wave resonance, had two special features: small 
size and high Q value. However, the material’s lack of temperature stability 
in those days meant that the filter was insufficient for practical use. In the 
1970s, the development of various kinds of ceramic materials with excellent 
temperature stability and high Q value increased the viability of practical 
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application of the dielectric filter [3]. With the development of these ceramic 
materials, application to filters advanced rapidly. The dielectric filter has 
since become one of the most important and familiar components in recent 
RF/microwave communication equipment. In addition, superconducting ma- 
terials with high critical temperature discovered in the 1980s are expected 
to have the possibility of designing novel microwave filters with extremely 
low loss and small size [4]. Many R&D efforts have been directed toward 
developing a practical use. 

In the early stages of filter development, filter design concentrated on 
passive electrical circuits composed of appropriate combinations of inductor 
L and capacitor C. The LC resonator being a linear resonant system, many 
early researchers believed that resonant systems based on physical principles 
other than lumped/distributed-element electrical circuits could achieve filter 
performance. In 1933, W.R Mason revealed a quartz crystal resonator filter 
[5], and this filter soon became an indispensable component in communica- 
tion equipment because of its excellent temperature stability and low loss 
characteristics. Like the crystal resonator, the ceramic resonator system uses 
bulk waves. Although the ceramic filter does not offer many of the valuable 
properties of the crystal filter, they are often utilized because of their low 
production cost. Surface acoustic wave (SAW) resonators which employ sin- 
gle crystal material such as LiNb(> 3 , LiTa 03 , etc. can also be used as filter 
elements, and SAW filters are feasible for practical use at much higher fre- 
quency ranges than bulk- wave filters [6]. A resonant system of magnetostatic 
modes, generated by applying a biasing magnetic field to a ferrite single crys- 
tal, also has the capability to serve as a filter [7]. Microwave filters using a 
YIG (yttrium iron garnet) sphere similarly have been put to practical use. 
The YIG filter’s special feature is the ability to change the center frequency 
by varying the magnetic field strength. 

Although all the above mentioned filters utilize a linear resonant system, 
early stages of filter development suggested the probable and likely existence 
of another approach that would realize filter response. The main reason be- 
hind this belief was the general view of filters as functional devices which 
achieved their performances according to given transfer functions. Filtering 
devices which employed active circuits were typical examples. In the “vacuum 
tube” age, active RC filters without LC reactance circuits were aggressively 
studied and developed, and the results of this research have also been utilized 
in filter technology. Some examples of such active filters include a popular 
technique that establishes equivalent LC circuits through the use of gyra- 
tors, and a technique that realizes the transfer function response by using 
operational amplifiers with feedback circuits. The advancement of the semi- 
conductor analog-integrated circuits stimulated and promoted the progress, 
practical use, and spread of these active filters. 

In addition to the previously described techniques, there is also a digital 
technique [8] which realizes the transfer function of a filter more directly. 
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The general procedure for this technique is: first the input analog signal is 
converted into a digital signal; next numeric operation processing is per- 
formed according to the transfer function, and finally the output signal is 
obtained after digit al-to- analog conversion. Although the theory that such 
digital filters exist was proposed much earlier, industrial applications did not 
materialize until the remarkable digital LSI advancements in the 1970s. Cur- 
rently, almost all digital communications systems adopt these digital filters 
as the base-band filters. In addition, the progress of hardware and high-speed 
operation algorithms continually extend the upper bounds of applicable fre- 
quency. 

As described above, filters and their design methods have a long history. 
Filters have become indispensable devices not only in the field of telecom- 
munication, but also in many other types of electrical equipment. Due to the 
variety and diversity of filter types, it often becomes necessary for a designer 
to carefully consider which filter to adopt for a particular application. 

When classifying filters according to frequency response, they are divided 
into four basic types: LPF (low-pass filter), HPF (high-pass filter), BPF 
(bandpass filter) and BEF (band-elimination filter). The LPF design method 
provides the basis for all types of filters. Many tutorial books describe how 
the design techniques for HPF, BPF and BEF can be derived from the LPF 
prototype design method by appropriate frequency conversion. This book 
concentrates mainly on BPF, because BPFs remain the most important and 
complicated to design for use in wireless communication equipment. 



1.2 Filters for Wireless Communication 

Various kinds of filters are used for wireless communication equipment. In 
this chapter, the type of filter, its function, and the necessity of filter minia- 
turization will be addressed, beginning with one of the most familiar forms 
of wireless communication equipment: the mobile telephone terminal. 

Figure. 1.1 shows a typical RF circuit block diagram of a mobile tele- 
phone based on a FDMA-FDD system (frequency division multiple access- 
frequency division duplex,) the generally adopted system for first generation 
mobile communication [9]. The receiver component employs a double super 
heterodyne system in this example, and the received signal from the antenna 
is amplified by a low noise amplifier after undesired signals are removed by 
the Rx-BPF, a part of the duplexer. This signal is then transferred through 
the quartz crystal BPF and to the IF port after frequency conversion by the 
mixer. The quartz crystal BPF plays the role of a channel filter and selects 
only one specific channel signal among frequency multiplexed signals. This 
IF signal is again amplified and converted to the second IF signal, and fi- 
nally becomes the base-band signal after passing through the detector and 
demodulator. 
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Antenna 




Antenna Duplexer 

Fig. 1.1. A typical RF circuit block diagram of a mobile telephone 



The transmitter section in Fig. 1.1 adopts an up-conversion system which 
up-converts a premodulated IF signal. Because the output signal of the mixer 
contains various spurious signals, the desired signal must be extracted with 
a BPF and then amplified by the power amplifier. The power amplifier is an- 
other source of noise, where spurious signals, primarily harmonic frequency 
components of input signals, are generated. These undesired signals are re- 
moved by the Tx-BPF, a part of the duplexer, and finally the signal is radi- 
ated from the antenna in the form of an electromagnetic wave. 

Therefore, filters are of immeasurable importance to wireless equipment 
because they are always located between the input and output stages of the 
RF active circuits. Next, the functions and the required characteristics of 
each individual filter will be addressed in detail. 

The necessary functions of the Rx-BPF are (1) avoiding saturation of the 
receiver front-end due to leakage of the output signal from the transmitter, 
(2) removal of interference signals such as the image frequency signal com- 
ponent, and (3) reduction of power leakage of the local oscillator from the 
antenna. Therefore, the optimal performance of the Rx-BPF would achieve 
high attenuation for removal of interference and simultaneously reduce pass- 
band insertion loss that directly affects the sensitivity of the receiver. The 
primary function of the crystal BPF is channel selection, therefore it must 
hold properties such as steep attenuation, good group delay characteristics, 
and excellent temperature stability as a narrow band filter. 

The primary function of the Tx-BPF is the reduction of spurious radiation 
power from the transmitter to avoid interference with other wireless systems. 
The dominant frequency components of these undesired signals are the second 
or third harmonics of the transmitting signal frequency, as well as the local 
oscillator frequency. Another vital function is the attenuation of noise within 
the transmission signal at the Rx band and thus suppression of its level below 
the sensitivity point of the receiver. Thus, the Tx-BPF must possess a wide 
stop band for spurious signal suppression while maintaining a low pass-band 
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insertion loss and the capability of handling large signal levels at the output 
stage. 

From a practical point of view, miniaturization is an important issue for 
all portable electronic equipment. The reduction of size and weight becomes 
especially critical for wearable equipment such as portable mobile phones. 
Obviously, there have been great demands and expectations for the minia- 
turization of RF circuits. Almost all circuits of lower frequency in the IF and 
baseband section, including filters, can employ digital LSIs (large scale inte- 
grated circuit). Therefore, the miniaturization of these circuits will progress 
along with the advancement of semiconductor technology. 

On the contrary, the introduction of MMICs (monolithic microwave in- 
tegrated circuit) suggests the miniaturization of RF active circuits such as 
amplifiers, modulators and frequency converters will be increasingly possible. 
Still, there are a number of problems to be solved before obtaining optimal 
circuit size reduction in circuits that possess resonators such as RF filters and 
oscillators. Therefore, size reduction and achieving high performance of filters 
continue to be important research issues, and will likely trigger a new tech- 
nology frontier in this field in the areas of circuit theory, materials, minute 
processing technology, and rigorous design techniques. 



1.3 Classification of Resonators and Filters 
for Wireless Communication 

The main frequency bands assigned to wireless communication are spread 
throughout a wide range, from several tens of MHz to several tens of GHz. 
Since a wide variety of resonators and filters can be applied to these fre- 
quency bands, Fig. 1.2 shows the applicable range of some typical examples. 
Figure 1.2 omits active circuit filters such as active RC filters, SCFs (switched 
capacitor filters) and digital filters because such microwave application filters 
are not feasible at the present time and exist only at an R&D stage. Further- 
more, Fig. 1.2 also omits magnetostatic mode filters, which have been applied 
mainly to measuring instruments, because of their rare use in wireless com- 
munication equipment. 

For frequencies below 1 GHz, the figure suggests the most commonly used 
resonators are the bulk-wave, SAW and helical resonators. Since each res- 
onator type has its own advantages and disadvantages, it is necessary to 
adopt the proper filter according to the application and purpose of the fil- 
ter. Bulk- wave and SAW resonators/filters are applied in cases where there 
is strong demand for miniaturization and low-loss characteristics; helical res- 
onators/filters are often utilized when a high level of power handling is nec- 
essary. In addition, bulk-wave and SAW resonators show outstanding tem- 
perature characteristics, thus satisfying conditions for application to narrow 
band filters. 
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Fig. 1.2. Applicable frequency range of typical resonators and filters 



For a frequency range from RF to microwave, various kinds of resonators 
including the coaxial, dielectric, waveguide, and stripline resonators exist [1]. 
Coaxial resonators have many attractive features including an electromag- 
netic shielding structure, low-loss characteristics and a small size, but their 
minute physical dimensions for applications above 10 GHz make it difficult 
to achieve manufacturing accuracy. Dielectric resonators also possess a num- 
ber of advantages such as low-loss characteristics, acceptable temperature 
stability and a small size. However, high cost and present-day processing 
technology restrictions limit dielectric resonator utilization to applications 
below 50 GHz. 

Waveguide resonators have long been used in this frequency range, pos- 
sessing two main advantages: low-loss characteristics and practical applica- 
tion feasibility up to 100 GHz. However, the greatest drawback of the waveg- 
uide resonator is its size, which is significantly larger than other resonators 
available in the microwave region. 

Presently, the most common choice for RF and microwave circuits re- 
mains the stripline resonator. Due to practical features including a small 
size, easy processing by photolithography, and good affinity with active cir- 
cuit elements, many circuits utilize the stripline resonator. Another advan- 
tage of the stripline resonator is a wide applicable frequency range which 
can be obtained by employing various kinds of substrate materials. However, 
a major drawback to the use of the resonator is a drastic increase in inser- 
tion loss compared to other types of resonators, making it difficult to apply 
such stripline resonators to narrow band filters. Still, such stripline resonators 
yield high expectations for application to ultra low-loss superconducting fil- 
ters [4], which are now under development and require fabrication methods 
using planar circuits such as stripline configuration. 
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1.4 Transmission-Line Resonators and Stepped 
Impedance Resonator (SIR) 

The most typical transmission-line resonators utilizing transverse electromag- 
netic modes (TEM) or quasi-TEM modes are coaxial resonators and stripline 
resonators. As shown in Fig. 1.2, these resonators possess a wide applicable 
frequency range starting at several 100 MHz extending to arround 100 GHz, 
and presently remain the most common choice for filters in wireless communi- 
cation [10]. These resonators, as previously described, do not possess low-loss 
properties, i.e., they do not have high Q values compared to waveguide or 
dielectric resonators. However, they do have valuable features as electromag- 
netic wave filters: a simple structure, a small size, and the capability of wide 
application to various devices. Moreover, the most attractive feature of micro- 
stripline, stripline or coplanar-line resonators is that they can be easily inte- 
grated with active circuits such as MMICs, because they are manufactured 
by photolithography of metalized film on a dielectric substrate. 

Figure 1.3 shows the fundamental structure of a micro-stripline half- 
wavelength resonator with two open-circuited ends, illustrated as a typical 
example of a transmission line resonator most commonly used in the mi- 
crowave region. The figure shows the physical structure of the resonator: 
a strip conductor of uniform width and an overall length equivalent to half- 
wavelength, formed on a dielectric substrate. This structure can be expressed 
in electrical parameters as a transmission line possessing uniform character- 
istic impedance with an electrical length of n radian. Such transmission-line 
resonators will be referred to as uniform impedance resonator (UIR). Gen- 
eral requirements for UIR intended dielectric substrate materials include a 
low loss-tangent, high permitivity, and temperature stability. Transmission- 
line resonators are widely used because of their simple structure and easy-to- 
design features, as illustrated in this example, and many scientists feel that 
design methods of conventional filters using such UIRs have been perfected. 
In practical design, however, such resonators have a number of intrinsic disad- 
vantages, such as limited design parameters due (ironically) to their simple 
structure. Other electrical drawbacks include spurious responses at integer 
multiples of the fundamental resonance frequency. 




Ground Conductor 



Dielectric 

Substrate 



Fig. 1.3. Fundamental structure of 
a micro-stripline half- wavelength res- 
onator 
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(a) UIR 



(b) Capacitor 
Loaded UIR 




tan 62 
Z\(D 



Fig. 1.4. Structural variations of a half-wavelength type resonator, (a) Uniform 
impedance resonator (UIR). (b) Capacitor loaded UIR. (c) Stepped- impedance 
resonator (SIR) 



To overcome these problems, it is a common practice in the VHF band 
to load capacitors at both open-ends of the resonator. By doing so, the 
resonator length is shortened and spurious resonance frequencies are con- 
sequently shifted from the integer multiples of its fundamental frequency. 

Figure 1.4 shows the structural variations of a half- wavelength type res- 
onator. The capacitor loaded UIR shown in the figure has a characteristic 
impedance of Z\ and an electrical length of 20 When the angular resonance 
frequency uj q of this resonator corresponds to that of a half-wavelength UIR 
shown in (a), the loading capacitance C is expressed as follows: 

C — Y\ tan $ 2/^0 

where Y\ = 1/Zi, 0 2 — 7t/4 — 0\. 

Looking from a different point of view, by replacing both O 2 length trans- 
mission line components in (a) with lumped-element capacitors C as in (b), 
the two circuits are equivalent. The capacitor loaded UIR possesses the ad- 
vantages of a small size and the capability of spurious response suppression. 
However, it is not always easy to apply the capacitor loaded UIR to frequency 
regions above 1 GHz, because the circuit loss of the lumped-element capacitor 
C increases dramatically as does the variance of resonance frequency, thus 
requiring frequency adjustment. 

The loaded capacitance C can be replaced by an open-circuited trans- 
mission line. Furthermore, it is not always necessary to design the charac- 
teristic impedance of the transmission line at Z\. An example is shown in 
(c) where the characteristic impedance is designed at Z 2 {= I/I 2 ). When 
Y^tan^ ~ Fi 02> all three resonators will resonate at the same frequency. In 
this case, if Z 2 < Z\ , then, 6' 2 < 0 2 thus the resonator length can be short- 
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ened. In addition, the elimination of the lumped-element capacitors enables 
the UIR to offer additional features including low-loss properties and a small 
amount of resonance frequency variance. Thus, by applying this design, the 
new model effectively overcomes the previously described weak points of the 
capacitor loaded UIR shown in (b). 

This example illustrates that it is unnecessary to obtain uniform charac- 
teristic impedance of a transmission line resonator, and that resonator circuit 
performance can be realized by nonuniform impedance resonators (stepped 
impedance resonator: SIR). This is the basic structure and concept of the 
SIR which the authors address in this book [11]. Further discussion of the 
fundamental characteristics and practical applications of the SIR, including 
design examples, will be explained in detail below. 

Although the structure of the SIR was widely understood, few practical 
applications to filters and oscillators were seen until the authors reported its 
availability. Although many reasons may be behind this lack of use, one main 
reason was that the technological importance of the SIR was not appreci- 
ated at the time. Another reason was merely design convenience, with many 
engineers deciding that the estimation of electrical performance was more 
practical with UIR than SIR. Currently, various demands for resonators in 
the RF/microwave area have made it necessary to select the most suitable 
resonator for each individual application. In addition, the use of CAD tools 
in the design process has become popular, enabling a remarkable reduction in 
calculation time of numerical analysis and optimization. These facts support 
the authors’ belief that in the future, the application will determine the most 
suitable resonator to be selected among various types of transmission line 
resonators. Thus, it seems SIR, with its advanced structures, will be the first 
candidate among them. 

The typical features of SIR, which will be discussed in further detail in 
the following chapters, are summarized as follows: 

(1) A wide degree of freedom in structure and design. 

(2) A wide range of applicable frequency through the use of various types 
of transmission lines (coaxial, stripline, microstrip, coplanar) and/or di- 
electric materials. 

(3) Derivation of a generalized concept for transmission line resonators in- 
cluding UIR. 

(4) Development of an expanded concept for nonuniform impedance res- 
onators adopting advanced transmission line structures and composite 
materials. 

Disregarding its simple structure, the SIR possesses numerous features 
and possibilities for practical application. The SIR can and will be applied not 
only to various filters but also to oscillators and mixers as a basic resonator 
in frequency bands from RF to millimeter wave. Such practical application 
will, in turn, help to verify the validity of SIR, thus solidifying its position as 
a familiar and conventional resonator device. 




2. Basic Structure and Characteristics of SIR 



Transmission-line resonators are most frequently used in frequency regions 
above the VHF band, yet, as described in the previous chapter, most applica- 
tions employ structures with uniform characteristic impedance. Transmission- 
line resonators possessing a stepped-impedance structure (SIR) have long 
been known as an available resonator structure, and are often used to ex- 
perimentally examine the effect of discontinuity in the impedance step of a 
transmission line [1]. However, this stepped impedance structure was hardly 
ever used for practical circuits, with the exception of impedance transformers. 

Focusing on its capability of shortening resonator length without degra- 
dation of unloaded-Q, the authors verified its availability through theoretical 
analysis and actual fabrication of a duplexer circuit for mobile communica- 
tions based on a A g /4-type co-axial SIR structure [2,3]. Ever since, numerous 
reports on SIR studies have been published, while research topics have ex- 
panded to various structures and types of SIR. Such activity has consequently 
brought remarkable progress to the development of various SIR applications. 

In this part, the basic structure of A g /4, A g /2, and A g -type SIR are pre- 
sented, followed by the introduction and definition of the impedance ratio 
Rz , an important parameter for the analysis of the SIR. Next, basic prop- 
erties such as resonance conditions, resonator length, spurious resonance fre- 
quencies and equivalent circuits are systematically discussed using Rz . Such 
basic issues are presented to prepare the reader for discussions on actual and 
practical structures of SIR described in the following chapters. 



2.1 Basic Structure of SIR 

The SIR is a TEM or quasi-TEM mode resonator composed of more than two 
transmission lines with different characteristic impedance. Figure 2.1 shows 
typical examples of its structural variation in the case of the stripline config- 
uration [4], where figures (a), (b), and (c) are, respectively, examples of A g /4, 
A g /2, and A g -type resonators. Alternative transmission-line structures other 
than the illustrated stripline configuration, such as coaxial and coplanar-line, 
are acceptable with the condition of a TEM/quasi-TEM mode resonance. 
Also, while the A g /2-type SIR shown in (b) employs an open-ended struc- 
ture, short-circuited structures are also available. 
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2. Basic Structure and Characteristics of SIR 




(a)/t g /4 Type 





(b) \jl Type 



(c) A g Type 



Short-circuited Plane 

Open-circuited Plane 

Fig. 2.1. Basic structures of SIR. (a) Quarter- wavelength type, (b) Half- 
wavelength type, (c) One- wavelength type 



Characteristic impedance and corresponding electrical length of the trans- 
mission lines between the open- and short-circuited ends in Fig. 2.1 are de- 
fined as Z\ and Z 2 , 6 1 and 0 2 , respectively (see figure). 

The fundamental structural element common to all three types of SIR is 
a composite transmission line possessing both open- and short-circuited ends 
and a step junction in between. By defining this fundamental element, A g /4, 
Ag/2, and A g -type SIR can, respectively, be looked upon as a combination 
of one, two, and four fundamental elements. An electrical parameter which 
characterizes the SIR is the ratio of the two transmission line impedances Z\ 
and Z 2 , and this we define by the following equation. 

Rz = Z 2 /Z 1 impedance ratio (2.1) 

It will be understood in the following section that Rz is the most important 
parameter in characterizing properties of the SIR. 



2.2 Resonance Conditions 
and Resonator Electrical Length 

Figure 2.2 shows the fundamental element of SIR with an open-end, short-end 
and an impedance step. The input impedance and admittance are defined as 
Z\ and Y[(~ 1/Zj), respectively. When ignoring the influences of step discon- 
tinuity and edge capacitance at the open end, Z x can be expressed as follows 
[4]: 



V 
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Fig. 2.2. Electrical parameters of elementary SIR 





Z\ tan 6\ + Z 2 tan 9 2 
Z 2 — Z\ tan 9i tan 0 2 




Let Yj = 0, then the parallel resonance condition can be obtained as 
follows: 



Z 2 — Z\ tan 0 1 tan 0 2 = 0, 



thus 



tan 9\ tan 9 2 = Z 2 jZ\ — Rz* (2.3) 

From the above equation, we understand that the resonance condition of SIR 
is determined by 9 1 , 9 2 and impedance ratio Rz ■ In the case of a conventional 
uniform impedance resonator (UIR), this condition is determined solely on 
transmission line length; however, for SIR, both the length and impedance 
ratio must be taken into account. This gives the SIR an extra degree of 
freedom in design as compared to the UIR. 

The overall electrical length of the SIR, represented by 0 ta? is expressed 
as, 

#TA = 9i + 9 2 

= 9\ + tan -1 (i?z/tan 9\). (2.4) 

Normalized resonator length is defined by the following equation with respect 
to the electrical length of a corresponding UIR measuring 7r/2. 

L n ~ 0ta/(tt/2), 

= 20 T a/tt. (2.5) 

Figure 2.3 shows the relationship between electrical length 9\ and normalized 
resonator length L n taking Rz as parameter. 

Overall electrical length of A g /2- and A g -type SIR, defined, respectively, 
as 0 tb and 0 tc, can be expressed as, 
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2. Basic Structure and Characteristics of SIR 




Fig. 2.3. Resonance condition 
of SIR 



0 TB — 2$ta ? 
9 tc = 4#ta, 



which can be normalized by corresponding UIR lengths of 7 r and 27r, giving 
the following equations. 



Qtb/it = 2^taA = (2.6) 

^tc/27t = 40ta/27t = L n . (2.7) 



The above equations suggest that the resonance conditions of all three types 
of SIR can be expressed using the same equation. From Fig. 2.3 we understand 
that normalized resonator length L n attains a maximum value when Rz > 1 
and a minimum value when Rz < 1. Next, we examine the conditions which 
yield such maximum and minimum values. Substituting 9^ = $ta ~ $i, (2.3) 
gives, 




tan 9 1 (tan #ta — tan 0! ) 
1 + tan (?ta tan 9\ 



( 2 . 8 ) 



when 0 < Rz < 1 and 0 < #ta < 7r /2, 



tan *TA = (^n *1 +«^~) 

_ \fRz f tan 9 1 \/Rz \ 

1 - Rz \ \/Rz tan / 
^ 2 y/Rz 
~ 1 - Rz' 



(2.9) 



This expression is equated when tan 9\/ \/Rz ~ V^z/ tan#i. This is equiv- 
alent to, 
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Fig. 2.4. Relationship between 
impedance ratio and normalized 
resonator length 



tan 2 6 1 = Rz . 

Thus, when 

Oi — 0 2 = tan -1 yfT z . 

#ta attains a minimum value of 

(^TA)min * tan 



i (2y/R^\ 

VI -Rz) 



( 2 . 10 ) 

( 2 . 11 ) 

( 2 . 12 ) 



Similarly, if Rz > 1 and 7t/2 < 9t < tt, we obtain the following equation. 



tan $ta — 



y/Rz 
Rz ~ 1 



tan#! y/Rz\ 
y/Rz ^ tan 0\ ) 



(2.13) 



Due to 0 < 0\ < 7r/2, #ta attains a maximum value of 



(^TA)max — tan 



/ 2 y/Rz \ 

VI -Rz) 



when 



Q\ = 0 2 = tan 1 y/ Rz. 



These calculations reveal that = 0 2 expresses a special condition which 
yields SIR maximum or minimum length. The following discussions are thus 
based mainly on this condition. Figure 2.4 shows the relationship between 
impedance ratio Rz and normalized resonator length L n o when 9\ = 0 2 = 0q. 
Here, L n o can be expressed as follows: 

L n o - 29 ta/k — 46 > o / 7 T = 4 (tan -1 y/Rz^j /it. ( 2 . 14 ) 

Figure 2.4 illustrates the fact that resonator length can be infinitely shortened 
by applying a smaller Rz value, while maximum resonator length is limited 
to twice that of the corresponding UIR. 
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2. Basic Structure and Characteristics of SIR 



2.3 Spurious Resonance Frequencies 



A distinct feature of the SIR is that the resonator length and corresponding 
spurious resonance frequencies can be adjusted by changing the impedance 
ratio Rz [4]. In the following discussion, the fundamental resonance frequency 
is represented as /o, while the lowest spurious frequencies of A g /4, A g /2, 
and Ag-type SIR are represented, respectively, as /sa, /sb, and /sc- For 
understanding the general tendency of spurious responses, we consider the 
TEM mode as the dominant resonance mode, and neglect the effect of the 
step junction in the transmission line of the resonator. We also assume 9\ — 
02 = as the structure of SIR. 

Resonator electrical lengths corresponding to spurious frequencies /sa, 
/sb, and /sc are expressed as $sa, $sb, and #sc, respectively. 

From (2.3), the following equation is obtained for /sa- 

tan#sA = tan(7r — 9o) = — tan -1 yj Rz . (2-15) 

The resonance conditions for A g /2 and A g -type SIR can be derived from the 
following equation. 

(Rz tan 0i + tan 92)(Rz — tan#i • tan 0 2 ) = 0. 



Considering 9\ = 62 = 0 gives 

tan 6 • (Rz + 1 ) (R — tan 2 0) = 0. 

From the above equation we obtain the following solutions. 

#0 — tan -1 \/Rz, 

$sb = #sc — ?r/2. (2-16) 

Consequently, spurious resonance frequencies are obtained as follows: 

/sa _ #SA _ 7T - 0Q _ K 
fo 9o 9o tan -1 yJRz 
fsB _ /sc _ 9 SB _ 7T 
fo fo 9o 2 tan -1 yj Rz 

Figure 2.5 illustrates the above relationship. Generally speaking, the funda- 
mental and spurious frequencies should be as far apart as possible. Thus, 
the figure suggests that a A g /4-type SIR accompanying a small Rz value 
should be chosen for optimal design, which simultaneously minimizes res- 
onator length. 



1 , 



(2.17) 



2.4 Derivation of an Equivalent Circuit of SIR 

High-frequency RF circuits often require the use of distributed-element com- 
ponents for practical fabrication. Even so, analysis using equivalent lumped- 
element descriptions, rather than the direct analysis of distributed circuits, 
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Impedance Ratio R^ZJZ^ spurious resonance frequencies 



turns out to be far more convenient and predictable. Furthermore, ba- 
sic design theories of bandpass filters are based on lumped-element cir- 
cuits, thus making it possible to apply these results to the design of such 
distributed-element resonators. In the resonating state, a distributed-element 
resonator such as SIR can be approximately expressed using equivalent 
lumped-elements L, C, R [4], which are derived from the slope parameters of 
the resonator. The susceptance slope parameter 6 S can be obtained from its 
definition as follows: 

b = — I 

s _ 2 d uj 

where u>o is the angular resonance frequency and B s (w) the susceptance of 
the resonator. Let the susceptance of a A g /4-type SIR be B$a and the corre- 
sponding slope parameter be 6s a , the slope parameter is derived from (2.2) 
and (2.19) as follows: 




Bsa = Im[l/Zi] 

tan 6 1 • tan 0 2 — Rz 
tan 6 1 + Rz tan 0 2 
d B t 



= Yo 



bsA = ~Z~ 



to_0 

2 

00 

2 



du u;—u ' , ° 
&B_ 

dd e ~ e ° 



# 01^2 



Rz 



10 -Rz 



'■) sin 2 #oi + Rz 






(2.20) 



(2.21) 



where #oi expresses the value of 6i at resonance state and £\ and £ 2 show res- 
onator physical length. In the case of 0 qi — #02 = # 0 , be. £\ = £ 2 , considering 
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2. Basic Structure and Characteristics of SIR 



0 




L o = V®<A 

C 0 = bjco 0 
G„ = b s /Q 0 

Q 0 : Unloaded - Q 
b s : Suceptance slope parameter 



Fig. 2.6. An equivalent 
circuit of SIR at reso- 
nance 



tan 2 0 o = Rz and sin 2 8o = Rz/0- + Rz ), then 

+ 1 

Rz(l-Rz) + Rz 2 J 

= 0o Y 2 . 

= Y 2 tan * yj Rz • (2.22) 

Similarly, the susceptance slope parameter of A g /2 and A g -type SIRs, repre- 
sented as &sbo and 6sco when 61 = 0 2 = Q 0 , can be obtained as follows: 

bsBo = 20 o Y 2 = 2y2tan~ 1 \J Rz , (2.23) 

bsco — 40 O Y 2 — 4Y 2 tan 1 yj Rz . (2.24) 

The relationship between the susceptance slope parameter and Lo, Co and 
Co of a lumped-element resonator are given as follows: 

Lo — 1 / Co — b s /ujQ^ Cq — fr s / (2.25) 

where Qo represents the unloaded-Q of SIR. 

Therefore, the SIR equivalent circuit near resonance frequency can be 
expressed in the form illustrated in Fig. 2.6. The unloaded-Q is determined 
by physical dimension and the materials composing the resonator, thus it 
must be calculated using another method, which will be discussed in the 
following chapters. 





3. Quarter- Wavelength- Type SIR 



The basic characteristics and practical applications of a A g /4-type SIR are 
described in this chapter. From an application-oriented viewpoint, the A g /4- 
type SIR is the most attractive among various types of SIR, and numerous 
R&D results have been reported on this type. The main reason for such 
interest is that the A g /4-type SIR has an essential availability for resonator 
miniaturization [1]. As discussed in Chap. 2, one of the main features of the 
Ag/4-type SIR is the capability of reducing resonator size, while another is the 
capability of controlling spurious frequencies by design. These two properties 
make the A g /4-type SIR an extremely suitable resonator element for mobile 
communication filters. A coaxial structure is most frequently adopted for 
practical application of A g /4-type SIR to filters. Coaxial type resonators have 
the following advantages. 

1) High Q values compared with lumped-element or helical resonators; 

2) Simple structure and manufacturing convenience; 

3) A wide variation of applicable coupling methods; 

4) High power handling capabilities. 

These attractive features have resulted in extensive research focused on 
filters and duplexers used in wireless communication, especially in mobile 
communication-oriented applications that require miniaturization. Bandpass 
filters with wide stop-band characteristics can easily be realized by utilizing 
its capability of controlling spurious responses. 

In this part, features of the A g /4-type SIR are summarized, followed by 
a discussion on problems encountered in designing coaxial type SIR. Reso- 
nance conditions considering the effects of step discontinuity and open-end 
are derived, and the unloaded-Q value, indicating the “figure of merit” of the 
resonator, is also discussed. 

Next, after organizing the filter design method using SIR, practical design 
examples using air-cavity type and dielectric-type coaxial SIR are introduced, 
and finally the stripline SIR is examined. 
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3. Quarter- Wavelength-Type SIR 



3.1 Analysis of A g /4-Type Coaxial SIR 



3.1.1 Impedance Ratio Rz 



Figure 3.1 shows the fundamental structure of a coaxial type SIR discussed 
hereafter. Figure 3.1a illustrates a structure with a constant outer-conductor 
diameter and a step junction in the inner-conductor, while Fig. 3.1b shows 
a contrary structure possessing a constant inner-conductor diameter and a 
step junction in the outer-conductor. The outer diameter of the coaxial inner- 
conductor and the inner diameter of the outer- conductor are expressed as 2 a 
and 26, respectively. When the relative dielectric constant of the dielectric 
filling the space between inner and outer conductors is defined as £ r , the 
characteristic impedance of the coaxial transmission line can be expressed as 
follows: 




(3.1) 



Therefore, the two transmission line impedances for structure (a) can be 
obtained as follows: 












s T : Relative dielectric constant 



Fig. 3.1. Fundamental structures of coaxial quarter- wavelength type SIR. (a) A 
structure with a constant outer-conductor diameter, (b) A contrary structure with 
a constant inner-conductor diameter 



3.1 Analysis of A g /4-Type Coaxial SIR 



21 



Thus, the impedance ratio Rz is derived as: 

Rz — Z 2 /Z 1 = ln(6/a 2 )/ln(6/ai). (3.2) 

Similarly, Rz for structure (b) is given as follows: 

Rz = Z 2 /Z 1 = ln(6 2 /ai)/ln(6/ai). (3.3) 



3.1.2 Effects of Discontinuity 

As discussed in Chap. 2, discontinuities in the transmission-line of the SIR 
must be taken into consideration when obtaining an accurate expression for 
SIR resonance frequency. Figure 3.2 illustrates two such discontinuities; one 
is the open-end capacitance Cf, and the other is the discontinuity capacitance 
Cd due to a step junction in the transmission line. As shown in the figure, 
the open-end fringing capacitance Cf of a coaxial transmission line can be 
expressed as follows [2,3]: 

Cf = C p -\- Cfe + C fs (3.4) 

where C p = 7Ta 2 £o/d : primary capacitance 
Cf e : end-wall fringing capacitance 
Cf s : side- wall fringing capacitance. 



(a) Open- End 





(b) Step Junction T 




I 

V 



Fig. 3.2. Discontinuities in SIR. (a) Open-end fringing effect, (b) Step-junction 
effect 
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3. Quarter- Wavelength-Type SIR 



In the case of a coaxial SIR, obtaining resonator miniaturization requires the 
transmission line impedance Z 2 to be designed at as small a value as possible. 
Therefore, in practical design, the distance from the center conductor to the 
outer conductor, 2(6 — a 2 ), tends to be much narrower than the gap d between 
the open-end of the center conductor and the side-wall. This enables Cf to 
be approximated as follows: 

C f = C {s . 

The fringing capacitance C fs of a coaxial transmission line can be derived from 
an equivalent equation for parallel plate capacitors by applying a structural 
transformation [4]: 

Qs = t\n(b/a 2 ) ^ ln(1 + t] ~ {t ~ 1} ln(<2 - ^ (3 ' 5) 

where t = 1/(1 — a 2 /b) 

£o * dielectric constant (permittivity) in free space, 

£ r : relative dielectric constant. 

Converting this open-end capacitance into equivalent transmission line length 
proves to be convenient for a practical design. This can be calculated from 
the following relationship: 

]loC { = )Y 2 taxi(fiAt). (3.6) 

Considering /3A£ a minimal value, 

At = ll>C{/Y 2 /3, 

where = 

(j,q : permittivity in free space. 

Thus, when Q ^ Q s , A£ can be expressed as follows: 

Al - VT~ ln ( fc /“2) 

Z7T£q 

= [2tln(l + 0-(t-l)ln(t 2 -l)]. (3.7) 

Thus, the fringing effects can be translated into an increase in line length 
instead of directly considering fringing capacitance. For example, in the case 
of a SIR with 26 = 15 mm and 2a 2 — 12 mm, the equivalent line length is 
obtained as At ~ 0.176 = 1.3 mm. 

The next discussion focuses on the effect caused by a step junction in 
the transmission line of a resonator. This issue has been thoroughly inves- 
tigated, and such research results indicate that the discontinuity at a step 
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junction can be expressed as an equivalent capacitance C&. Such results have 
been summarized and prepared as design charts [5], enabling one to easily 
obtain the Cd value according to a given step-junction structure and dielec- 
tric material. For example, in the case of an air-cavity SIR with dimensional 
features of 2b ~ 15 mm, 2a\ — 4 mm, and 2 a 2 = 12 mm, the approximate 
value of Cd is given as 0.28 pF. A more direct approach in obtaining the Cd 
value is through numerical analysis of the electromagnetic field distribution 
at the step junction, however, this requires time-consuming calculations. Con- 
sidering the above-mentioned discontinuities, namely the open-end and step 
junction, we derive a more accurate expression for the resonance condition 
of a SIR. As previously discussed, the open-end fringing capacitance can be 
interpreted as an equivalent line length At, thus enabling 62 to be expressed 
as follows: 

0* 2 = 0(£ 2 + A£). (3.8) 

The resonance condition of a SIR possessing a discontinuity capacitance at 
the step junction of the transmission line is given by; 

tan 6 \ tan # 2 Z\ D ^ 

1 Q rv ttz > 

1 — ao tan Z 2 

where a 0 = u>oCdZ\ 

to 0 : angular resonance frequency. 

For example, in the case of an air-cavity type SIR designed at 1000 MHz with 
dimensional features of 2b = 15 mm, 2 a\ = 4 mm, and 2 d 2 — 12 mm, Rz is 
given as follows: 

Zi = 601n(6/ai) = 79.3 0, 

Z 2 - 601n(6/a 2 ) - 13.40, 

Rz Z 2 /Z 1 0.169. 

From the previous estimations, At and Cd are respectively 13 mm and 
0.28 pF, thus giving cto — 0.140. Let 9\ = 0' 2} then t\ can be calcu- 
lated from (3.9) as 17.9 mm, and thus t 2 = t x — At = 16.9 mm, while 
tr = £1 + t 2 = 34.8 mm. This is compared with the total resonator length 
neglecting the influence of discontinuity, which is obtained from Fig. 2.3 as 
Ap = 37.2 mm. These calculations illustrate that in the actual design of this 
specific resonator, resonator length must be designed 6% shorter in order to 
cancel the effects due to discontinuity. In addition, (3.7) suggests that At 
is determined by structural parameters and possesses no frequency depen- 
dency. Cd is also determined by structure and is independent of frequency 
itself, however, it has a direct relation with ao, thus effecting the resonance 
frequency of the SIR. The higher the resonance frequency, the greater its in- 
fluence. We understand from this discussion that high frequency applications 
demand rigorous estimation of the effects due to discontinuities within the 
resonator structure. 
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3.1.3 Unloaded- Q of Coaxial SIR 



Unloaded-Q is frequently used in discussing the “figure of merit” of a res- 
onator. In broad terms, the unloaded-Q is a significant parameter applied in 
circuit design for the evaluation of electrical performance, and is generally 
obtained by numerical analysis using high-speed computers. In the case of a 
coaxial resonator, closed form equations for unloaded-Q can be derived by 
analytical methods, thus enabling more effective and foresighted evaluation 
of Q values when compared with numerical analysis. In this chapter we derive 
the unloaded-Q of a SIR from the geeral definition of Q. Unloaded- Q(Qo) for 
a resonant circuit is defined as follows: 

n 

Vo — * -p~, 

where W$ : maximum energy stored in the resonant circuit, 

Pl : average power loss in the resonant circuit, 
ljq : angular resonance frequency. 

When E and H respectively, represent the electric field and magnetic 
field distributed in the resonator, W s can be expressed as: 

W s =^J v \H\ 2 dV= £ -j v \E\ 2 dV (3.11) 

where /i = /i 0 /i r • permeability of the material, 

e = sq£ t : permittivity (dielectric constant) of the material. 

Assuming that the dielectric material of the resonator in this discussion 
employs a low loss characteristic, we substitute /i = /i 0 and, furthermore, 
neglect magnetic loss. Consequently, Pl is expressed as follows: 

Pl = Pl c + Pld (3.12) 

where Plc : side- wall surface resistivity loss of the resonator, 

Pld : dielectric loss of the material. 



(3.10) 



By expressing dielectric constant using real and imaginary components 

£ = 5 / +j^ / , 



as 



Pld 



UJqS 



n 



|£| 2 dV. 



(3.13) 



V 

Considering s' je" = tan^a (loss tangent), the above equation becomes 

Plc - f \EfdV. 

* Jv 



Thus, unloaded-Q is derived as follows: 
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(3.14) 



where Rs : surface resistivity of the conductor material, 

H t .'tangential component of H at the conductor surface. 

The first component in (3.14) is expressed using Qc as 

7T- = -^- f \H t \ 2 dS/ [ \H\ 2 dV. (3.15) 

Qc I* o<^o Js Jv 

The above Qc is determined by the side-wall conductor loss of the res- 
onator. Furthermore, considering a small tan^a, £ = s' +}£" = s' is assumed 
in order to simplify the second component representing the effect of the elec- 
tric field. Consequently, (3.14) results in the following equation: 

_1_ __ J_ J_ 

Qo Qc Qd 

l , 

= — btan<5d, (3.16) 

Qc 

where tan^ = 1/Qd- 



Thus Qo can be obtained from Qc- 

The dominant resonant mode of a coaxial resonator being TEM mode, we 
approximate the magnetic field by concentrating only on its radial component 
H Expressing the current in the center conductor as /, H $ is expressed as 
follows: 




I 

2nr 



(a < r < b). 



Considering the current distribution in the SIR, Qc can be obtained by inte- 
grating Hj, according to (3.15). This is illustrated for the SIR structure shown 
in Fig. 3.1a. The SIR is divided into two regions of differing transmission line 
impedance Z\ and Z 2 , respectively represented as region (I) and region (II), 
and maximum stored energy VF S within each region is expressed as VFsi and 
W$ 2 - Assuming Iq the current at the short-circuited end of the SIR, current 
I(x) in region (I) is expressed as 



I(x) = Iq cos f3x (x = 0 : short-circuited point). 



Let inductance per unit length be Li, then the stored energy between x and 
x + dx can be expressed as: 
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^L\dx |J(a ;)| 2 = cos 2 fSxdx 

where L\ = In ( 6 / a i)- 

27T 

Thus, integrating the above equation gives 



Wsi = 



M 

2 

8/3 



r 

Jo 



cos 2 f3xdx 



(sin 2#oi 4- 26^oi ). 



(3.17) 



Focusing next on Ws 2 in region (II), the following equation is obtained when 
considering current continuity at the step junction: 

cos 6^01 . 

1{: r) = — iosinpx. 

sin # 02 

Again, by integrating the above equation, 

L 2 Iq cos 2 (9oi 



^S2 = 



8/3 sin 2 #02 



(2#02 — sin 2 #q 2 ), 



(3.18) 



A* o 



where L 2 = — ln(fc/a 2 ). 



Thus, total stored energy W$ is derived from (3.17) and (3.18) as follows: 
Ws — Wsi 4- W $2 

cos 2 #oi(2# 02 - sin 2 # 02 ) 



1 

8/3 



Li(2#oi 4- sin 2#oi) 4- T 2 



sin 2 # 02 



(3.19) 



Discussions further proceed onto power losses within the SIR. Power losses 
are generated at the surface of the conductor at regions (I) and (II), the short- 
circuited end, and the step junction of the transmission, defined Plci> Plc2> 
Plsc , and Plsj, respectively. The resistance per unit length of the transmis- 
sion line at regions (I) and (II), represented as Pi and P 2? are expressed as 
follows: 

" 1 , 1 



Rl ~ ^ + 5 j ~ 2S& ( x + h 

+ j) = + t|)> 



where Rs = l/aS : surface resistivity, 

a : conductivity of the material, 

5 — 1/ y/uoUocr/Z : skin depth. 

Thus, Plci and Plc 2 are obtained from the following equations. 
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^LCl = 



PhC2 = 



n r£\ td t2 

-y J \I{x)\ 2 dx = ~^-{2eoi+sm29 01 ), 

R 2 [ tl+t * lT , n2j R 2 I 2 0 cosHoi ^ 

IT / \ J ( X )\ d:r =-^ — r-j7— (2^02 - sin 2^02) 

2 Jt, o P sin 002 



(3.20) 



(3.21) 



Let the resistance at the short-circuited plane be Rqi, then 

r ° i= L £ dr= ^ in(b/ai) - 

The current at the short-circuited end being Jo, 

Pl cs = \R 01 tf = ^ ln(6/ai). (3.22) 

Similarly, the resistance at the step junction, represented by Rq 2 , becomes 

Ro 2 = J y~ dr = ^ln( a 2 /oi) = [ln(i>/“l) - ln(6/a 2 )] . 

The current at the step junction, being Iq cos 0oi> Plci is obtained as follows: 
Pl cj = \R 01 lt cos 2 #oi = cos 2 6> 0 i (ln(6/ai) - ln(b/a 2 )] • 

Z 47T 

(3.23) 

Therefore, total loss of the SIR results in the following equation. 

Plc = ^lci + Plc2 + Pl cs + Plcj 

— -^(AiRi A 2 B 2 R 2 ) + f(Roi + Bi), (3.24) 



where A\ — 2#oi + sin26 , 0 i, A 2 = 26*02 — sin $02, 

B\ = cos 2 $oi , B 2 = cos 2 $oi / sin 2 $02- 

Thus Qc is obtained from (3.10), (3.19), and (3. .24), as follows: 
n W s _ 2b ^ 

VC ^0 p A ' D 

Plc 0 Vi 



(3.25) 



where Ci = Ai + A2.B2 ln(6/a 2 ), 

D 1 — A\ (1 + b/ o,\) + A 2 B 2 Q + 6/0,2) 

+4/?6 (ln(6/ai) + Bi [ln(6/ai) - ln(6/a 2 )]} . 

When dielectric loss is considered sufficiently small, as in the case of an air- 
cavity type resonator, (3.16) can be approximated as Qc — Qo - 

Furthermore, (3.25) is simplified to reveal an approximate relationship 
between Qc and resonator structure. We start this discussion by considering 
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Q c(= Qcu) of a A g /4 type UIR. In this case, it is apparent that line length 
$oi = $02 = 7r/4 and center conductor radius a\ — a 2 — a, thus 

Ai = A2 = 7t/2, R] = 1/2, B 2 = 1. 

Consequently, Ci and Th are expressed as 



Ci = 7rln(6/a), 

Di — 7r(l + 6/a) + 4/?61n(6/a) — 7r(l + 6/a) + (27 t 6/A 0 ) ln(6/a). 



Qcu is obtained accordingly as 



0 26 
QCU - “T 



7r ln(6/a) 



(3.26) 



5 7r(l + 6/a) + (86/A0) ln(6/a) 

For simplicity we ignore the final term of the denominator which represents 
the loss at the short-circuited end, consequently obtaining 



n 26 

Qcu ~ 



ln(6/a) 



(5 1+6/a 



( 3 . 27 ) 



Qcu, expressed as a function of 6/a, represents a generalized Qc of a coax- 
ial UIR with two open-circuited ends. It is well known that Qcu attains a 
maximum value at 6/a = 3.6. This means that the unloaded- Q of a coaxial 
UIR attains a maximum value when the characteristic impedance takes the 
following value: 



Z 1 = (60/^r r )ln(b/a) = 77/^T r Q. 



Representing Qcu at this maximum condition as Qcm, this calculates to 



Qcm = 0.5576/ 5 . 

When applying copper as the conductor material, the above equation results 
in, 

Qcm = 26706y / /o, 

where 6: in cm, 

fo : resonance frequency in GHz. 

Next, we examine the approximate Q value of SIR. Here, effects due to 
losses generated at a short-circuited end and a step junction are neglected as 
in the case of UIR. Let 0 qi = $02, and considering the following relations, 

Rz = tan 2 6 0 i — tan 2 $02, sin 2 O 01 = sin 2 $ 02 = Rz / (1 + Rz), 

COS 2 $01 = cos 2 $02 = 1/(1 + Rz ), ln(6/ai) = Ziy^/60, 

and ln(6/a2) = Z 2 ^Je 7/60, 

we obtain the following equation by arranging (3.25), 

6 C 2 
30 5 ' D 2 ’ 



Qcs 



(3.28) 
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where C 2 ~ 4Zi0oi = 4Zi tan 1 \J Rz , 



Do = 



+ 



+ 2 6 , 



01 



2 VRz 

1 + Rz 

1 /_ „ 2\/Rz \ 

1 + Rz / 



1 + exp 



Zly/£r\ 



£ 0 



J J 



A 



26>, 



01 



1 + exp 



Rz ^1 V^r 



£0 



Thus Qcn, the Q value normalized by Qcm, can be expressed as 

Qc N — Qcs/Qcm • (3.29) 

Figure 3.3 illustrates the relationship between Q cn a nd Z\ taking Rz as 
parameter. Rz = 1 in the figure indicates the calculated curve for a coaxial 
UIR, yielding a maximum value at Z x = 77 Q as previously described. The Q 
value for SIR also possesses a maximum value, where Z\ giving maximum Q 
value shows a slight upward shift as Rz decreases. Moreover, the maximum 
Qcn value itself decreases in accordance with Rz. This implies that the Q 
value will degrade when resonator length shortens, as shown in Fig. 3.3. How- 
ever, research results have theoretically and experimentally proven that the 
degree of Q value degradation due to miniaturization is significantly smaller 
for the SIR when compared to conventional resonators such as capacitor- 
loaded UIR. 

As previously mentioned, the results illustrated above lack accuracy be- 
cause influences of losses generated at the short-circuited ends and the step 
junction are neglected, however, a general relationship between Qc and SIR 
structure can be conceptually understood. Moreover, the example shown in 
Fig 3.3 is merely an analytical result assuming i\ — it does not indicate 
the maximum Q value under the condition of a limited total SIR length. 
Other reports claim an improved Q value when £1 > £ 2 - Such structural 
conditions yielding a maximum Q value will be discussed further in Chap. 6. 




Fig. 3.3. Relationship between 
normalized-Q and line impedance 
Zi 
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3.2 Bandpass Filters Using Coaxial SIR 

3.2.1 Synthesis Method of SIR-BPF 
Using Capacitive Coupling 

Filters are among the most typical applications of SIR, and the design meth- 
ods for such filters vary in accordance with the SIR structure. In this section, 
we exemplify a direct-coupled multistage bandpass filter consisting of a A g /4- 
type SIR as a unit resonant element. Though various coupling methods such 
as capacitive, inductive, and electromagnetic coupling can be adopted to this 
filter, here we employ a capacitive coupling method which is most suitable for 
compact design. When performing filter synthesis using distributed-element 
resonators like SIR, the resonators are usually expressed as electrically equiv- 
alent lumped-element components approximated at the resonance frequency. 
This enables the designer to directly apply an established synthesis method 
based on lumped-element circuitry. However, this lumped-element approxi- 
mation is valid only in the frequency band near resonance. Thus, in designing 
a bandpass filter, one must keep in mind that although an accurate estimation 
can be obtained for frequency responses near pass-band, this approximation 
cannot be applied to calculate response at the stop-bands far from center 
frequency. This issue will be discussed further in Chap. 4 where we consider 
a BPF with wide stop-band characteristics. 

A lumped-element expression of SIR can be obtained by calculating the 
susceptance slope parameters discussed in Sect. 2.4. Figure 3.4 illustrates 
the basic circuit configuration of an n-stage BPF composed of capacitively 
coupled shunt resonators. The synthesis method of this filter, originally pro- 
posed by S.B.Cohn [6], is slightly modified to meet with SIR structure. For 
simplicity, all inductors composing the filter are assumed to have identical 
inductance values, while the center angular frequency cjo, number of stages n, 
element value relative bandwidth w, and input /output conductance G& 




-C -C e -C 
^01 '“'12 



= C -C -C 

^12 '“'23 



=c,~ c; , - c„_ M 



Fig. 3.4. Basic circuit configuration of capacitively coupled n-stage lumped- 
element resonator BPF 
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and G b are to be assumed given as filter design parameters [7]. Under these 
conditions, coupling capacitance Cjj+i and shunt capacitance Cj can be ex- 
pressed by the following equations. 

Coupling capacitance: 



Cnt — 


*^01 


(3.30a) 


^0 1 r— 

^oyl 


-(Joi/Ga) 3 ' 


ri Jj,j+ 1 

— 

UJo 


(j = 1 to n - 1), 


(3.30b) 


C . i = 


J-n,Ti+ 1 


(3.30c) 


^n,n+ 1 — r— 

w oyl 


— (^n,n+l/^B) 2 , 



where Jjj+ 1 : admittance inverter parameter [7] of a coupled section 



^01 = 

Jj,j+ 1 = 

Jn , n -\- 1 = 



G a w 



go 9o^o L r 5 
w 

^oLr yj 9j 9j + 1 
G b w 



(j = 1 to n - 1). 



9 n 9 n -{- 1 ^0 

Shunt capacitance of resonators: 



(3.31a) 

(3.31b) 

(3.31c) 



Ci =C r -Cg 1 -C 12> (3.32a) 

Cj =C T ~ Cj- 1 J - (j = 2 to n - 1), (3.32b) 

C n = C r - CS ifl _! - G n — i iri> , (3.32c) 



where C r = 1 /L t ujq , (3.33a) 

CSi - Cbi/Ll + (^ 0 Coi/C a ) 2 J, (3.33b) 

^n,n + l — C n>n + 1 / |_1 4- (^O^ti^ + i/G'b) 2 ] • (3.33c) 

Based on these fundamental equations, SIR is brought into the discussion 
as a resonator element. As with L r in the above discussion, all SIR compos- 
ing the filter are assumed to possess identical slope parameters. We adopt 
this restriction only for design convenience, as it is not always necessary. 
Furthermore, the resonance frequency of each SIR is adjusted by shortening 
resonator length in order to cancel a downward shift due to coupling capaci- 
tance. This adjustment length is represented in the following discussions by 
Alj(j = 1 to n). 

Assuming that the basic structural parameters of SIR such as Z\, Z<i, 

£ 2 ? an d slope parameter 6 sa are previously determined, we obtain the 
following equation from (2.24) in Chap. 2. 

uJoL r = - — 

osa 
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For i\ — £ 2 , (2.21) gives &sao = 0oiT 2 . Therefore, the admittance inverter 
parameters Jjj+i are obtained as follows: 



Jqi = 



Jj,j + 1 



J 



n,n - (-1 — 



Gaw@oiY2 

9091 

WO01Y2 

y/9j9j + l 
1 

Gqw9oiY2 

9nQn + 1 



(3.34a) 

(3.34b) 

(3.34c) 



Focusing on the adjustment of resonator line length A£j, we recall from 
Sect. 3.1.2 that an equivalent transmission line length can replace a small 
capacitance at the open-end of a transmission line. In (3.32a), (3.32b) and 
(3.32c) the adjustment capacitance ACj are represented as, 



AC, = Cgj + C 12 , (3.35a) 

ACj = Cj- ij 4- Cjj + 1 (j — 2 to n — 1), (3.35b) 

Gn,n- 1-1 + C n - i >n . (3.35c) 



Since lxJqACj <<1^2, ACj can be replaced by an equivalent transmission line 
length A£j as 




A g o <^0 
27r y 2 
where v 



v 



ACj = * ACj 

phase velocity. 



g 



(3.36) 



3.2.2 Design Examples and Performances 

In this section we present the actual design procedures based on the design 
method described in Sect. 3.2.1, followed by the measured performance of 
an experimental filter based on this design. SIRs composing the filter in 
this discussion also assume basically the same shape, possessing a 6 \ — 62 
structure. Filter design and fabrication procedures are as follows: 

(i) Setting fundamental filter parameters based on given specifications, 

(ii) Determining fundamental physical dimensions of the SIR, 

(iii) Calculating coupling capacitance values, 

(iv) SIR line length correction, 

(v) Processing and assembly. 

Notable points for each step are described as follows. 



(a) Design Specifications and Fundamental Filter Parameters 

The following specifications, assuming a mobile communication application, 
are presented as an example. 
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Center frequency 
Pass-band bandwidth 
Pass-band insertion loss 
Pass-band VSWR 
Attenuation 
Resonator length 



fo = 900 MHz 
W > 10 MHz 
L 0 < 2dB 
< 1.2 

Ls > 80 dB at fo ± 50 MHz 
< 40 mm 



Fundamental filter parameters are determined to satisfy the above specifica- 
tions while minimizing stage number n. One such example is shown below. 



Filter response type 
Number of stages 
Relative bandwidth 
Pass-band ripple 



Chebyshev type [7] 
n — 6 
w = 0.022 
R = 0.01 dB 



Filter element values gj [7] are given as follows: 



go = 1.0000 

g 2 - 1.3600 
g 4 = 1.5350 
g 6 = 0.7098 



gi = 0.7813 
g 3 = 1.6897 
g s = 1.4970 
g 7 = 1.1007 



Insertion loss Lq [7] at midband is calculated as, 

a ini 7X 

L 0 ~ ~~n~ ■ E Si ( dB ) = 1490 /Qq (dB). (3.37) 

“Vo r— ' 

Specifications restricting insertion loss to L 0 < 2 dB, imply that the unloaded- 
Q is required to be. 



Q o > 740. 



(b) Determining Fundamental Physical Dimensions of the SIR 

Considering the given resonator length and required unloaded-Q, the fun- 
damental structure of the SIR, namely ai,a 2 ,b,ii, and i 2 in Fig. 3.1a, is 
determined. In this case also, we assume that 0\ = 0 2 . The resonator length 
is temporarily set as 35 mm in order to satisfy given specifications of un- 
der 40 mm. Assuming an air-cavity type SIR, normalized resonator length is 
obtained as follows: 

L n o - £ t /£ 0 = 40/83.3 = 0.42. 

Rz is obtained from (2.14) or Fig. 2.4 both in Chap. 2 as 

Rz = tan 2 #oi = 0.11. 

An approximate value of unloaded-Q can be obtained from Fig. 3.3 as 

Qo — Qc ~ 0.78Qcm- 
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Assuming the conductor material is copper, Qc is given by (3.28) as 

<2cm ~ 2670bv?o = 19756 (6 : in cm). 

The Q value calculated from the above equation is an estimated value that 
is derived from insertion loss at the center frequency of the pass-band. In 
practical design, however, factors such as an increase in insertion loss at 
the edge of the pass-band, and degradation of unloaded-Q due to conductor 
surface conditions must be taken into account. Thus, considering an adequate 
margin of approximately 20%, the required unloaded-Q value is raised to 
Qo > 1000. This determines the outer conductor radius b as, 

b = 0.75 cm = 7.5 mm. 

Figure 3.3 suggests that Z\ should be between 75 Q to 90 Q to obtain a 
maximum Q value for Rz = 0.11. Consequently, the inner conductor radius 
is determined as, 

ai = 2.0 mm, <22 = 6.5 mm. 

Thus from the above discussion, the SIR electrical parameters are obtained 
as follows: 

Z\ = 601n(6/ai) = 79.3 Q, 

Z 2 = 60 ln(6/a2) = 8.6 Q, 

Rz — Z%f Z\ — 0.108. 

Having determined the physical dimensions of SIR, the discontinuity capaci- 
tance at the step junction of the center conductor and the open-end fringing 
capacitance can be calculated in accordance to the discussions Sect. 3.1.2, 
giving 

Discontinuity capacitance : C<± ~ 0.4 pF 
Open-end fringing capacitance : Cf ~ 0.5 pF. 

A fine-tuning capacitance mechanism, adjustable between 0.1 pF to 0.5 pF, is 
loaded at the open-end to absorb the processing variance of resonator physical 
dimensions. Correction of line length Ai due to the step junction and open- 
end capacitance values can be estimated from (3.7), and consequently the 
line length of the center conductor is given as, 

£i=34.0/2 = 17.0 mm, 
i 2 — l\ — AI — 13.2 mm. 

Thus the fundamental SIR structure, as shown in Fig. 3.5, is determined from 
the above discussion. A£j in the figure indicates the line length correction due 
to the coupling capacitors. 
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Dielectric substrate 




Fig. 3.5. Physical di- 
mensions of the unit 
SIR for the experimen- 
tal BPF 



(c) Calculating coupling capacitance 

Once the slope parameters and inverter parameters are known, coupling ca- 
pacitance can be calculated from (3.30a), (3.30b) and (3.30c). Assuming 
0i = Q 2 , 

b = 0 x y 2 - 0.037 S. 

Let input/output impedance be 50 0, then Ga — Gg = 1/50 — 0.02 S, and 
w = 0.0222. Accordingly, the inverter parameters are obtained from (3.34a), 
(3.34b) and (3.34c) as follows: 

J 01 — Jq 7 — 4.56 x 10 3 S, 

J 12 = J 56 = 0.787 x 10“ 3 S, 

J 23 = J 45 = 0.535 x 10" 3 S, 

J 34 = 0.505 x 10" 3 S. 

From the above results, coupling capacitance values are derived as, 

C 01 = C 67 = 0.831 pF, 

C 12 = C 56 = 0.139 pF, 

G 2 3 = G 45 = 0.095 pF, 

C 34 = 0.089 pF. 

In this example, an interdigital type and a gap-type capacitor are adopted 
for the coupling capacitance in order to realize highly accurate capacitance 
values, as shown in Fig. 3.6. Interdigital capacitors are applied to input and 
output coupling requiring large capacitance values, while gap capacitors are 
applied to interstage couplings accompanying relatively small capacitance 
values. Capacitance values of such capacitors are dependent on physical struc- 
ture and the applied dielectric material, as in Fig. 3.7 where we exemplify 
both types based on a substrate with a relative dielectric constant £ r of 2.7 
and thickness H of 0.3 mm. Using these design charts, the finger length i of 
the interdigital capacitor and gap spacing g of the gap capacitor axe obtained 
as follows: 
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(a) Interdigital capacitor for input 
and output coupling 



(b) Gap capacitor for interstage coupling 



Fig. 3.6. Examples of coupling capacitor, (a) Interdigital capacitor suitable for 
I/O coupling, (b) Gap capacitor suitable for interstage coupling 



(a) Interdigital Capacitor 



(b) Gap Capacitor 





Finger Length (mm) Gap Length (mm) 



Fig. 3.7. Design examples of coupling capacitors, (a) Interdigital capacitor, (b) 
Gap capacitor 



Input and output coupling : t = 2.68mm (Cq\^Cqt). 

Interstage coupling : g — 0.50mm (C' 1 2 ,C' 56 ), 

9 = 0.80 mm (C^C^s), 
g = 0.90 mm (C34). 

Both types of capacitors can be integrated on a single substrate by precise 
photoetching technology. 

(d) Resonator Length Correction 

With the coupling capacitance values determined, adjustment of the capaci- 
tance value ACj can be obtained from (3.35a), (3.35b) and (3.35c) as follows: 

AC X = ACq = 0.924 pF, 

AC 2 = AC 5 = 0.234 pF, 

AC 3 = AC 4 = 0.184 pF. 
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Fig. 3.8. Photograph of 
the experimental BPF 



Substituting these results into (3.36), we obtain 

A£i — Al§ — 2.39 mm, 

Al 2 = Al$ = 0.61 mm, 

AI3 = Al 4 = 0.48 mm. 

Having integrated a fine-tuning mechanism at the open- ends of each res- 
onator, the above results are approximated to obtain Alj as follows: 

Al x = AIq = 2.4 mm, 

AI2 = AI3 = AI4 = AI5 = 0.6 mm. 



(e) Fabrication and Electrical Performances 

The above design parameters were employed in the fabrication and adjust- 
ment of an experimental filter. Copper was chosen for the conductor ma- 
terial, and flanged cans were employed for the outer conductor of the res- 
onators. Two interdigital capacitors and five gap capacitors were integrated 
on a dielectric substrate possessing the above-mentioned physical character- 
istics, and this substrate was attached to the open-end of the resonators with 
screws. In addition, mechanical tuning screws for fine adjustment were in- 
stalled on the side-walls of the outer conductor opposed to the open-end of 
the resonators. Figures 3.8 and 3.9 show photographs of the filter appearance 
and integrated coupling capacitors. Post-fabrication adjustments generally 
require both coupling adjustment and fine-tuning of resonance frequency. In 
this design example, the coupling capacitors are realized by a precise pho- 
toetching process, thus making it possible to neglect such coupling adjust- 
ments. For the remaining resonance frequency adjustment, fine-tuning of the 
resonators was performed by a conventional step-by-step method [7]. Figure 
3.10 shows attenuation and return loss characteristics of the experimental fil- 
ter, where solid and dotted lines represent the measured and designed data, 
respectively. The figure suggests that the measured results agree well with 
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Fig. 3.9. Photograph of the 
coupling circuit structure 
(Cover plate removed) 




850 900 950 

Frequency (MHz) 

Fig. 3.10. Calculated and measured responses of the experimental BPF 

design, especially for transmission characteristics, thus verifying the valid- 
ity of the design method described above. Insertion loss at midband and 
band-edge was designed as 1.5 dB and 2.0 dB, respectively. Actual measure- 
ments showed 1.45 dB at midband and 1.65 dB at band-edge, these results 
satisfying target specifications. Furthermore, the unloaded-Q estimated from 
insertion loss measured at center frequency was calculated to be 1100, while 
direct measurement of a single resonator showed an unloaded-Q of 1200. This 
degradation is assumed to be loss due to the dielectric substrate mounted on 
the open-end of the resonators. 
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3.3 Double Coaxial SIR (DC-SIR) 

3.3.1 Advantages of DC-SIR 

In Sects. 3.1 and 3.2, we demonstrated the basic structure of a A g /4-type SIR 
and discussed its attractive properties of small size and high Q value. Prom 
a practical point of view, however, there still remains room for improvement 
of its basic structure. For example, the illustration in Fig. 3.5 suggests that 
antivibration characteristics of this SIR structure are insufficient for practical 
use due to a heavy weight at the end of the center conductor. In addition, we 
notice that the inner area of the center conductor contains no electromagnetic 
field, meaning that the space is not effectively used for increasing the Q value. 
As is apparent from the definition of unloaded-Q, the effective use of space 
within the resonator becomes critical for the enhancement of the Q value, 
because electromagnetic energy within an air-cavity type resonator is stored 
in the space enclosed by the inner and outer conductors. To overcome these 
problems, a DC-SIR (double coaxial SIR) which adopts a double coaxial 
structure at the tip of the center conductor as shown in Fig. 3.11 has been 
devised [ 8 ] . This structure significantly improves antivibration characteristics 
while providing increased design flexibility as compared to a basic SIR. Most 
important, this DC-SIR is expected to enable further miniaturization and a 
higher Q value, thus proving to be a highly practical resonator structure. 




Fig. 3.11. Basic structure 
of a double coaxial SIR 



(DC-SIR) 



3.3.2 Resonance Condition and Unloaded-Q 

The DC-SIR has a short-circuited structure at one end of the center conduc- 
tor, and an open-circuited structure at the other. From an electrical point of 
view, the DC-SIR is composed of three transmission-lines I, II, and III, each 
with different characteristic impedance Zi,Zz and Z 3 . Figure 3.12 shows an 
equivalent circuit of a DC-SIR expressed by transmission lines [9]. Let the 
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Short End 



Z3,£: 
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Fig. 3.12. An equivalent circuit of a DC-SIR using transmission lines 



input impedance and admittance observed from the open-end of transmission 
line III be Z\ and Yj, then we obtain, 

Zi = 1/V, 

_ _- z tan/j^i /Rzi + tanffi?;/ Rz 2 + tan/?4 

^ 3 (t;xn fjf.i/ R_zi + timpP. 2 / Rz?) tan/3^3 — 1 

where 

Rzi = Z 3 /Z 1 , Rz 2 — Zz/Zi and /? = 27r/A g o. 

Resonance conditions are derived from (3.38) as YJ = 0, thus 

(i?Z 2 tan/^i + Rzi tan ^ 2 ) tan/% = Rzi ‘ Rz 2 - (3.39) 

Slope parameters of DC-SIR can be obtained from the input admittance 
Y\ using (2.19). Let the electrical line length of each transmission line at 
resonance be #oi ? 0O2 and # 03 ? we obtain 

, uJo dB I 



= 



\w=wq 



= ?■ ^03 + tan 2 fl 0 3 • ( f, t '° 1 2 7 > + p ) • (3.40) 

2 L V Rz 1 COS 2 #01 Rz2 COS 2 #02 / . 

Thus, an equivalent circuit expression can be derived from the above result. 

Furthermore, the unloaded-Q of a DC-SIR can be obtained by applying 
the method discussed in Sect. 3.1.3 of this chapter as follows: 

Q 0 = Q c 



2 b\ C\ 

' zv 



(3.41) 



where 



Cl - Ai In (^ ) + A 2 Bi In (^) + A 3 B 2 In (|^) , 



Di = A 1 ( 



1 + 



) + (Ij-) (i + ^-) + A 3 B 2 (l + 

+ TO! 1 " ft) h (fe)]- 
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Fig. 3.13. Calculated results of unloaded-Q of DC-SIR 



A\ = 26>oi + sin 0oi , A 2 = 20 Q2 + sin 20 O 2 , 

As ~ 2003 — sin 003, 

B\ = cos 2 0oi / cos 2 002 , B 2 = cos 2 0 qi / sin 2 0 O 3 . 

Using these analytical results, the relationship between resonator length 
and unloaded-Q is examined. Figure 3.13 shows the unloaded-Q of a DC- 
SIR possessing physical dimensions of 2b\ = 20.0 mm, 26 2 = 18.6 mm, 2ai = 
5.0 mm, and 2a 2 = 19.0 mm, applying copper as the conductor material. 
The horizontal and vertical axes, respectively, indicate resonator length and 
unloaded-Q, both normalized by the length (t$ = 187 mm) and Q value 
(Qcm = 1637) of a A g /4 UIR. Calculations are based on a fixed resonance 
frequency of 400 MHz, thus the line length ratio l 2 /t\ increases in accordance 
with a decrease in total line length. 

At a fixed resonance frequency, the unloaded-Q of a conventional UIR with 
loaded capacitors is approximately proportional to line length [10]. However, 
in the case of a DC-SIR, the above results indicate that degradation of the 
Q value due to a decrease in resonator length is very small. 

The example in the figure claims Q values of 96% and 84% even when 
the length of the DC-SIR is shortened to 50% and 20%, respectively. One 
advantage of the SIR is this feature of maintaining a high Q value even when 
resonator length is shortened. 

3.3.3 400MHz-Band High-Power Antenna Duplexer 

The antenna duplexer is an important device that enables simultaneous (du- 
plex) operation of the receiver and transmitter in wireless communication. 
In a duplex wireless communication employed frequency division multiplex 
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Fig. 3.14. Basic configuration of a duplexer 



(FDM) system, the frequency bands of the Tx and Rx signals are assigned 
apart from one other, thus the duplexer is required to separate the Tx and 
Rx waves and share a single antenna for transmitter and receiver. A conven- 
tional duplexer, as shown in Fig. 3.14, is composed of a Tx-filter, an Rx- filter, 
and a combining circuit. A combining circuit is a phase adjustment circuit 
that is inserted to reduce mutual influences of the Tx and Rx-filters, usually 
consisting of reactance elements such as transmission lines, inductors, and 
capacitors. 

Basic Tx-Rx filter combinations are BPF-BPF, BPF-BEF and BEF-BEF. 
When designing a wireless communication system, the most suitable config- 
uration is chosen by taking into account the transmitter signal bandwidth 
and separation of the Tx and Rx frequency bands. For example, a BPF-BPF 
combination is often applied for a 900 MHz-band mobile communication sys- 
tem because the transmission bandwidth and frequency separation of the Tx 
and Rx-bands are approximately 15 MHz and 150 MHz, respectively. On the 
other hand, mobile communication systems utilizing a 400 MHz-band usually 
adopt 2 or 3 MHz for transmission bandwidth and 10 MHz for Tx and Rx- 
band separation, thus applying a BEF-BEF configuration for the reduction 
of insertion losses at the pass-band. 

Issues taken into consideration when designing an antenna duplexer in- 
clude minimizing influence between Tx- and Rx-filters, securing the interfer- 
ence characteristics of total radio system, and suppressing spurious responses. 

As a design example, here we describe a 400 MHz-band high-power du- 
plexer realized by utilizing DC-SIR [8]. The design specifications for this 
specific application, which we later describe in detail, require an unloaded- 
Q >1000 and Ap <60 mm, and according to these restrictions a DC-SIR 
structure was chosen as 2 bi = 20.0 mm, 262 = 18.6 mm, 2 a = 5.0 mm, 
2a 2 = 19.0 mm, and £^ = 50.0 mm. Experimental data on resonance fre- 
quency and unloaded-Q value as a function of line length £3 are shown in 
Figure 3.15 and 3.16, respectively. Figure 3.15 suggests that the resonance 
frequency for a resonator of fixed total length £ t can be controlled between 
350 MHz to 500 MHz by changing line length £3. Theoretical estimations of 
resonance frequency given by (3.39) do not exactly match experiment results 
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It, (mm) 

Fig. 3.15. Experimental results of resonance frequency of DC-SIR 



because the equation neglects effects due to discontinuities of the DC-SIR. 
Closer agreement was obtained by considering the fringing capacitance at 
these discontinuities. Measured unloaded- Q values were about 80% of the 
theoretical values calculated from (3.41) due to effects of fabrication tech- 
niques such as surface finishing and electroplating. 

As shown in Fig. 3.14, two separate filters are required to compose an 
antenna duplexer, and thus the design specifications are also given separately 
for both Tx- and Rx-filters. Specifications of each filter considered in this 
section are shown below. 

Tx-filter 

Center frequency : /o =410.7 MHz 

Pass-band bandwidth : W = 3.3 MHz 
Pass-band insertion loss : Lo < 1.7 dB 
Pass-band VSWR : <1.3 

Attenuation : Ls > 60 dB at 416 MHz 

> 18 dB at 404 MHz 
Handling power : > 30 W 

Rx-filter 

Center frequency : /o =417.7 MHz 

Pass-band bandwidth : W = 3.3 MHz 
Pass-band insertion loss : Lo < 3.0 dB 
Pass-band VSWR : <1.5 

Attenuation : Ls > 55 dB at 412.3 MHz 
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Resonance Frequency (MHz) 



Fig. 3.16. Measured data of 
unloaded-Q of the experimental 



DC-SIR 



The synthesis method described in Sect. 3.2 was applied to generate a 
filter design that could satisfy the specifications listed above. From these re- 
sults we concluded that a 5-stage bandpass filter could be designed to realize 
the Rx-filter, while for the Tx- filter, a bandpass filter configuration was in- 
sufficient due to high losses. Thus, a combination of a 2-stage bandpass and 
a 4-stage band-elimination filter was adopted to realize the Tx-filter. Having 
no generalized design criteria for a band-elimination filter with a wide stop- 
band, a computer optimization technique for RF circuits was introduced to 
simultaneously satisfy stop-band attenuation and pass-band insertion losses 
in the filter design. 

Figure 3.17 shows a photograph of the experimental duplexer. Physical 
dimensions of the DC-SIR unit measured 20 mm (diameter) x 55 mm (length), 
and an unloaded-Q of approximately 1200 was obtained. Measured trans- 
mission characteristics are illustrated in Fig. 3.18. Pass-band insertion losses 
were below 1.5 dB and 2.6 dB (including a 0.5 dB input cable loss) for Tx- 




Fig. 3.17. Photograph of the 400MHz-band duplexer using DC-SIRs 
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414.2 MHz (4 MHz/div) 

Frequency 



Fig. 3.18. Measured response 
of the experimental duplexer 



and Rx- filters. The Tx- filter has no spurious response up to 3 GHz, proving a 
wide stop-band compared with conventional duplexers using A g /4 UIR or he- 
lical resonators. The Handling power of the Tx-filter proved to be more than 
50 W, and a good temperature stability (less than 8 ppm/deg) was achieved 
by applying a compensation technique utilizing two metal materials with 
different thermal expansion coefficients such as copper and iron. 



3.4 Dielectric Coaxial SIR 

3.4.1 Dielectric Materials and Features of Dielectric Resonators 

Dielectric materials are indispensable for circuit substrates in the microwave 
region. However, these substrate materials, such as alumina ceramics, have 
long been neglected as resonator materials due to their poor temperature 
stability. Ever since the development of novel ceramic materials possessing 
low-loss characteristics and adequate temperature stability in the early 1970s, 
much effort has been put into improving the microwave properties of ceramic 
materials. The progress of these materials has in turn accelerated their ap- 
plication to filters in the RF and microwave region. 

Figure 3.19 illustrates typical structural variations of dielectric resonators. 
While typical dielectric resonators possess a cubic or cylinder-shaped struc- 
ture and a TE or TM resonant mode, coaxial type resonators with a TEM 
resonant mode are also regarded as dielectric resonators in the following dis- 
cussion. TEqis mode operated dielectric resonators are frequently applied to 
microwave and millimeter-wave filters for satellite communication and satel- 
lite broadcasting systems which require high performance filters with low 
insertion loss and excellent temperature stability. TEM-mode operated di- 
electric coaxial resonators are, in contrast, applied to filters and duplexers 
for mobile communication equipment due to a strong demand for miniatur- 
ization. 
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Fig. 3.19. Typical structures of RF/microwave resonator using dielectric materials 



Basic properties required for the materials of such dielectric resonators 
are as follows: 

(i) High dielectric constant, 

(ii) Small loss-tangent (tan^d) 

(iii) Good temperature stability. 

As for requirement (i), the wavelength of an electromagnetic wave prop- 
agating through dielectric media is inversely proportional to and thus 
materials with a high dielectric constant contribute to the miniaturization of 
resonator as shown in Fig. 3.19. Requirement (ii) is directly related to the 
unloaded- Q (Qo) of the resonator, which is understood from the relationship 
1/Qo = 1 /Qc +tan Jd- The influence of Qc is minimal for TE and TM mode 
dielectric resonators that possess no conductive electrodes. For requirement 
(iii), there is a necessity to reduce the temperature coefficient of the resonance 
frequency (r f ), which can be achieved by lowering the temperature coefficient 
of dielectric constant (r s ). An approximate relationship between r s and Tf is 
given as follows: 

Tf = -^r s +a e (3.42) 

where ol£ : temperature expansion coefficient 
of the dielectric material. 

A practical value of Tf « 0 ppm/°C requires a r s of approximately 20 ppm/°C 
for conventional ceramic materials with an d£ of approximately 10 ppm/°C. 
Microwave properties of typical dielectric materials in practical use are sum- 
marized in Table 3.1 [11,12], where we see various ceramic materials with 
excellent temperature stability and high Q d values. The discussion in this 
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Table 3.1. Material properties of typical microwave ceramics 



Material 


£ r 


Qd 


Tf 

(ppm/°C) 


Measured Freq. 
(GHz) 


(Mgo.9sCao.o5)Ti03 


21 


16000 


0 


3 


Ba(Zn 1/3 Ta 2 / 3 )0 3 


30 


14000 


0 


12 


(ZrSn)Ti 04 


36 


6500 


0 ±2 


7 


Ba(ZrTi)0 3 


37.5 


6500 


0 


7.5 


Ba0Sm20 3 Ti0 3 


70-90 


4000 


0 ±4 


2 



chapter focuses on the dielectric coaxial SIR and its application to filters. 
The advantages of such an application are summarized as follows: 

(i) Reduction of resonator length proportional to 1/y^, 

(ii) Shaping and sintering flexibility of ceramic materials for various struc- 
tures, 

(iii) Antivibration characteristics, 

(iv) Excellent stability against temperature and humidity, 

(v) Cost-effective structures and manufacturing processes. 

3.4.2 Basic Structure and Characteristics 
of Dielectric Coaxial Resonator 

Figure 3.20 illustrates the structural variations of a dielectric coaxial res- 
onator. Figure 3.20a indicates the conventional resonator (UIR) possessing 
uniform transmission-line impedance, while Figs. 3.20b and c show resonators 
with a stepped-impedance structure. The resonator shown in (b) employs 
conductors of round profile, with a uniform and step junction diameter for 
inner and outer conductors, respectively [13]. A contrary structure, of which 
the outer conductor possesses a uniform diameter and the inner conductor a 
step junction, is also applicable. The example shown in (c) has a structure 
aimed to improve unloaded-Q while simultaneously reducing size [14]. Im- 
provement of unloaded-Q can be achieved by applying a design that allows 
maximum resonator volume, thus a structure possessing a square profile is 
preferable as compared to a round one. This structure is also valid for a filter 
assembly, where a square profile is far more convenient for positioning and 
soldering. From the above reasons, dielectric SIRs with square-shaped outer 
conductors are often adopted for practical devices. As previously described, 
miniaturization of the SIR requires the reduction of the impedance ratio Rz . 
Figure 3.21 compares calculated results of characteristic impedance in the 
case of a round and square inner conductor, where the outer conductor is a 
square. These results are obtained by numerical analysis using a successive 
over-relaxation method. From these results we understand that to reduce the 
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UIR 








Fig. 3.20. Structural variations of a dielectric 
coaxial resonators, (a) Uniform impedance 
resonator (UIR). (b) Stepped impedance res- 
onator (SIR) with round-shaped outer con- 
ductor. (c) SIR with square-shaped outer con- 
ductor 




Fig. 3.21. Calculated results 
of characteristic impedance 
for a dielectric coaxial SIR 

impedance ratio Rz , the choice of a round conductor for Z\ and a square 
conductor for Z<i is desirable. 

For an actual SIR structure, manufacturing restrictions yield a necessity 
to connect the two transmission lines of different impedance with a tapered 
section as illustrated in Fig. 3.22. Doing so results in a decrease in circuit loss 
because this tapered line mitigates the steep change in electromagnetic field 
distribution at the step junction. However, the introduction of this tapered 
section results in an increase in total resonator length. Figure 3.23 shows 
the resonator length as a function of the length of the tapered section. These 
results were obtained using a conventional microwave circuit simulator by ap- 
proximating the tapered inner-conductor structure into N (N> 10) cascaded 
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Dielectric Material 




Fig. 3.22. Structure of 
coaxial SIR possessing 
internal tapered section 




Fig. 3.23. Resonator length 
considering effects of tapered 
section 



section of uniform diameter. It is evident from these results that the tapered 
section makes the resonator length longer. Hence, it is preferable to design 
the tapered section as short as manufacturing conditions will permit. 

The unloaded-Q value can be obtained according to the method discussed 
in Sect. 3.1.3. However, deriving a closed form equation similar to the case of 
a round coaxial resonator becomes difficult due to a complicated resonator 
structure, and thus computer- assisted numerical analysis methods are often 
applied in the study of square-shaped SIR possessing tapered sections. Even 
so, calculated results often show poor agreement with measured values, and 
thus coaxial approximations based on square to round transformation, as 
shown in Fig. 3.24, usually suit practical use. Calculated Qc examples of 
dielectric SIR obtained by this method are shown in Fig. 3.25. 
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Fig. 3.24. The equivalent 
radius of square-shaped outer 
conductor 




Fig. 3.25. Calculated results of (Re- 
value of dielectric coaxial SIR 



3.4.3 Design Example of Antenna Duplexer 
for Portable Radio Telephone 

Applying the compact dielectric coaxial SIR structure discussed in the former 
section, an experimental antenna duplexer for an 800 MHz-band portable 
radio telephone terminal is designed and fabricated [14]. Specifications of the 
Tx- and Rx- filters are given as follows: 

Tx-filter 

Center frequency : /o = 927.5 MHz 

Pass-band bandwidth : W = 15 MHz 
Pass-band insertion loss ; Lq < 1.5 dB 
Pass-band VSWR : < 1.5 

Attenuation : Ls > 45 dB at Rx-Band 
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Fig. 3.26. Configuration of the 
experimental antenna duplexer 



Rx-filter 

Center frequency : fo = 827.5 MHz 

Pass-band bandwidth : W = 15MHz 
Pass-band insertion loss : Lq < 3.0 dB 
Pass-band VSWR : <1.5 

Attenuation : Ls > 45dB at Tx — Band 

The frequency span between Tx- and Rx-bands for this application is 
wider than that of the previously discussed 400 MHz band duplexer example, 
and thus a BPF-based duplexer configuration is adopted, while adding an 
extra BEF stage to both Tx- and Rx-filters to secure attenuation character- 
istics. Figure 3.26 illustrates the basic configuration of the duplexer. 

Filter simulation results concluded that an unloaded-Q value of at least 
400 was required for each individual resonator, and thus the physical dimen- 
sions of the resonator, based on a dielectric material of e r =95, were deter- 
mined as follows. 

Z\ : Outer square conductor 2b ~ 6.0 mm 
Inner square conductor 2a 2 = 4.2 mm 
Z 2 : Outer square conductor 2b = 6.0 mm 
Inner round conductor 2a\ = 1.6 mm 

Thus, from Fig. 3.21 we obtain 

Zi = 9.62 ft, Z 2 = 1.37ft, 

Rz = Z 2 /Z 1 — 0.18. 

The resonator length calculates to approximately 4.3 mm at 900 MHz, which 
is about half the size of a UIR applying the same dielectric material. 

The loss tangent of the applied dielectric material is less than 2 x 10~ 4 
at 1 GHz, and the measured unloaded-Q value of the resonator was approxi- 
mately 420 at 900 MHz, which falls in close agreement with the results shown 
in Fig. 3.25. The actual appearance and a cross-sectional view of the manu- 
factured SIR are shown in Fig. 3.27. 
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Fig. 3.27. Photograph of 
the manufactured dielectric 
coaxial SIR (right) and its 
cross-sectional cut- view (left) 




Fig. 3.28. Photograph of 
the experimental duplexer 
using dielectric coaxial SIRs 



Figure 3.28 shows the experimental duplexer employing the above SIR. 
The Tx- and Rx-filters are respectively composed of three and four SIRs of 
basically same shape. Coupling circuits are integrated on a substrate of high 
dielectric constant to allow for a large coupling capacitance, this in correspon- 
dence to a more compact resonator design possessing a larger admittance 
slope parameter. Frequency tuning of each resonator is achieved by coarse 
adjustment of resonator length before filter assembly, while fine-tuning of the 
total device is performed by minute trimming of metalized film at the open- 
ends of the SIR. Physical dimensions of the experimental duplexer measure 
45mm(length)x6.5mm(height)x8mm(width), with a total volume of about 

2.3 cm -3 . Weighing less than 6 g, this design reduces weight to half that of 
a conventional UIR-based duplexer. 

Figure 3.29 shows the measured transmission responses of the experimen- 
tal duplexer. Pass-band insertion losses were less than 2.5 dB for receiver and 

1.3 dB for transmitter, while isolation levels of more than 60 dB in the trans- 
mitting band and 50 dB in the receiving band were achieved. These results 
meet the initial specifications of the antenna duplexer. 
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Fig. 3.29. Measured transmis- 
sion responses of the experi- 
mental duplexer 



3.4.4 Dielectric DC-SIR 

From the discussions in Sect. 3.3, we understand that a double coaxial struc- 
ture is desirable for further miniaturization of a conventional SIR [9]. As 
shown in Fig. 3.30c, the same approach can be applied to a dielectric coaxial 
resonator. Though the design process of a DC-SIR becomes somewhat dif- 
ficult due to its complicated structure, once designed, ceramic molding and 
sintering processes can be applied as in the case of structures (a) and (b) in 
Fig. 3.30, thus making the DC-SIR suitable for mass- production. Figure 3.31 
shows the basic structure and physical parameters of a dielectric DC-SIR. 




SIR 






DC-SIR 




Fig. 3.30. Miniaturization of 
dielectric coaxial resonators, 
(a) Conventional UIR. (b) 
Square-shaped UIR. (c) Di- 
electric double-coaxial SIR 
(DC-SIR) 
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Fig. 3.31. Physical dimensions of a dielectric DC-SIR 



The fundamental characteristics of this resonator structure can be analyzed 
by applying the techniques described in Sects. 3.3 and 3.4.2. 

Neglecting the effects of the step discontinuity for simplicity, total res- 
onator length ^dc-sir is given as follows. 

When r = £^/£ 2 < 1 , 

^DC-SIR = £\ + ^2 

= i tan " 1 [Rzi (l/tanr/ 3^2 ~ ta,n/3£ 2 /R Z2 )] + ^ 2 , (3.43) 

and when r — £ 3/ £2 < 1 

^DC-SIR — £\ + £3 

= ~ tan -1 [Rzi ( 1 / tanr/% - tan ^/Rzi)] + r£ 2 , (3.44) 

where 

Rzi = Z 3 /Z 2 , Rz2 = Z 3 /Z 2 

j3 — 27r A /i7/Ao, Ao : wavelength in free space. 

The normalized resonator length Ldc-sir is defined as the resonator 
length ratio ^dc-sir/Tuir, where indicates the length of a dielectric 
coaxial UIR applying the same dielectric material. Figure 3.32 indicates 
^DC-siR as a function of Li, i.e., li in Fig. 3.31 normalized by ^uir- 

A rough estimation of the unloaded-Q value can be obtained from (3.41) 
considering the square-to-round transformation of the coaxial structure de- 
scribed in Sect. 3.4.2. Figure 3.33 shows calculated results for £ r = 95 and 
fo = 400 MHz. From the figure we understand that the Q value of a DC- 
SIR has little dependence on Z\ as compared to the data in Fig. 3.25. This 
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Normalized Length of Short Ended Portion I, 



Fig. 3.32. Calculated 
results of resonator length 




Fig. 3.33. Calculated results 
of unloaded-Q 



understanding is based on an assumption that TEM mode is the dominant 
resonance mode of a DC-SIR. However, when 2b\ > ^dc-sir, this dominant 
electromagnetic field is disturbed by higher TE or TM modes excited in the 
resonator, thus resulting in a remarkable degradation of unloaded-Q. Thus, 
to escape such effects, it is preferable to design a DC-SIR under the con- 
dition of 2bi > ^dc— sir- For example, in the case of 2bi — 6 mm, s T = 95 
and Z/dc-sir — 0.3, the applicable frequency range of a DC-SIR is below 
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Fig. 3.34. Photograph of the 
manufactured dielectric DC- 
SIR (right) and its section 
(left) 



400 MHz. From this discussion we understand that the DC-SIR structure 
is most effective in the lower frequency bands where the physical length of 
dielectric UIR and conventional SIR prove to be too long for precise and 
cost-effective manufacturing. This further implies that a DC-SIR structure 
provides a means to expand the applicable frequency region of dielectric coax- 
ial resonators. 

In the following section we explain an experimental DC-SIR designed 
at 400 MHz applying a dielectric material of £ r = 95. Figure 3.34 shows a 
photograph of this DC-SIR manufactured by molding and sintering of ceramic 
materials. The physical dimensions are as follows, 



2 a i = 1.4 mm, 
2 b 1 = 6.0 mm, 
t\ — 3.1 mm, 
£3 — 3.0 mm, 



2a 2 = 4.9 mm, 

26 2 = 3.9 mm, 

£2 = 2.4 mm, 

£ t =^-f/ 3 = 6.1mm, 



The electrical parameters of the resonator are given as, 



Zi - 10.0 Q, Z 2 - 7.5 Q, Z 3 = 1.0 Q, 

Rzi = Z 3 /Z 1 — 0.10, Rz 2 = Z 3 /Z 2 = 0.13. 

The loss-tangent (tan da) is about 2 x 10~ 4 at 1 GHz, and the measured 
unloaded- Q value of the experimental DC-SIR was approximately 300 at 
400 MHz. This result is approximately 90% of the calculated value obtained 
from Fig. 3.33. 

Based on this resonator, we furthermore designed a 400 MHz-band Rx- 
filter for mobile communication applications. Specifications of the filter are 
as follows. 

Center frequency : /o = 430 MHz 

Pass-band bandwidth : W > 10 MHz 
Pass-band insertion loss : L 0 < 3.5 dB 
Pass-band VSWR : <1.5 

Attenuation : Ls > 50 dB (at 400 MHz) 
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Fig. 3.35. Photograph of the 
experimental BPF 
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Fig. 3.36. Measured 
transmission responses 
of the experimental 
BPF 



Applying the design method described in Sect. 3.2, a Chebyshev-type BPF 
with n = 5 and pass-band ripple i?=0.06 dB was designed in accordance with 
the above specifications. Figures 3.35 and 3.36 show a photograph and the 
measured transmission responses of the experimental filter. The physical di- 
mensions are 32mm(length)x6.5mm(height)x9mm(width) with a total vol- 
ume of about 1.9 cm -3 , which enables a reduction of about 50% as com- 
pared to a conventional filter using helical resonators. Pass-band insertion 
losses measured 2.5 dB at midband and 3.3 dB at the band-edge, while an 
attenuation of more than 50 dB at 60 MHz off center frequency was achieved. 
Measured performance was in close agreement with design, satisfying require- 
ments of a BPF for a 400 MHz band radio equipment while contributing to 
miniaturization of the radio terminal. As previously discussed, the DC-SIR 
structure enables applications to lower frequency bands where conventional 
helical resonators are otherwise used, and thus are expected to expand the 
applicable frequency range of dielectric coaxial resonators. 
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3.4.5 Dielectric Monoblock SIR-BPF 

Dielectric ceramic- based resonators have an attractive feature which allows 
monolithic manufacturing of various structures, thus providing a design flex- 
ibility which enables complicated structures such as the DC-SIR. Applying 
this manufacturing strategy, furthermore, enables monolithic processing of a 
total BPF composed of several resonators of uniform structure. Such filters 
are fabricated in a single molding and sintering process, and are presently in 
practical use as dielectric monoblock filters. 

Capacitive coupling between resonators often proves insufficient when de- 
signing a monoblock BPF, and thus it is often more practical to employ an 
electromagnetic coupling where the resonators are aligned and coupling is 




(a) Interdigital BPF (antiparallel coupling) 



i i i 




(b) Comb-line BPF (parallel coupling) 



A 





(c) Comb-line BPF using SIRs (parallel coupling) 

Fig. 3.37. Basic resonator alignments for monoblock dielectric BPF. (a) Interdig- 
ital type, (b) Comb-line type, (c) Comb-line type using SIR s 
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controlled by spacing. Figure 3.37a illustrates the case of UIR, where an an- 
tiparallel configuration is required. Here also, the coupling strength between 
the resonators is determined by resonator spacing. The input and output 
couplings are realized by capacitive couplings in this example, but an induc- 
tive coupling structure, such as a tapping method, can equally be applied. 
Although this design possesses an extremely simple structure, it has the draw- 
backs of large size and heavy weight due to a resonator length of A g /4 and to 
the fact that the resonator spacing for a narrow band filter becomes exceed- 
ingly wide in order to reduce the strong coupling between the resonators. 

A comb-line structure based on the parallel alignment of resonators can 
be applied when the coupling length and/or resonator length becomes shorter 
than A g /4. The unit resonator length of a comb-line BPF can and usually is 
shortened by loading a lumped-element capacitor at the open-end, as shown 
in Fig. 3.37b, but from this structure problems of increased circuit losses 
and stray components emerge. To overcome these disadvantages, Fig. 3.37c 
proposes a monoblock filter structure applying SIR [15]. Although the re- 
duction of resonator length described in Sects. 3.4.2 and 3.4.4 cannot be 
expected from this filter structure, it does possess a practical advantage of 
cost-efficiency based on the above-mentioned monolithic manufacturing Strat- 
egy- 

Figure 3.38 shows a structural example of a three-stage dielectric mono- 
block filter using SIR. The whole surface of a monoblock ceramic shell is met- 
alized after molding and sintering, followed by the removal of excess metal 
on the open-circuited end of the filter. Finally, the input and output elec- 
trodes are formed by thick-film printing technology Frequency adjustment is 
achieved by trimming the metalized film at the open-ends of each resonator. 
This compact mono block filter structure realizes good stability against en- 
vironmental changes including temperature, humidity and vibration. These 
characteristics are eminently suitable for miniaturization of mobile radio com- 
munication equipment, and practical application of this structure has already 
been tested. 



FO SIR 

Electrode 



Dielectric 
Material 



FO 

Electrode 




Metalized Film 



Short-Circuited Plane 



Fig. 3.38. Structural exam- 
ple of a dielectric monoblock 
SIR-BPF 
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3.5 Stripline SIR 

3.5.1 Basic Structures and Features 

The fundamental structure of a SIR can be defined as a TEM mode based 
transmission line possessing a change in impedance, and there exists no 
restriction on the physical structure of the TEM mode transmission line. 
Though our discussions have been focused mainly on coaxial transmission 
lines, stripline, micro-stripline and coplanar-line structures formed on dielec- 
tric substrates can also be applied as transmission lines of SIR. Yet to fully 
appreciate the features of SIR, we need to keep in mind that it is desirable to 
adopt a structure allowing a large impedance ratio Rz> and from this point of 
view we exclude the coplanar transmission line structure due to its narrow de- 
sign range of impedance. The basic structure of a SIR using a micro-stripline 
configuration is shown in Fig. 3.39. A stripline SIR possesses a tri-plate struc- 
ture consisting of an extra dielectric substrate and metalized ground plane 
covering the resonator center conductor, but the basic resonator structure is 
equivalent to that of a micro-stripline. 

Ground via- holes as shown in Fig. 3.39 are essential for A g /4 type SIR 
of a stripline configuration. This necessity raises inevitable problems such 
as increased losses and resonance frequency shifts caused by the parasitic 
components generated near via- holes. For this reason the application of A g /4 
type SIR is limited to filters of special use where, for example, miniaturization 
is prior to low insertion losses. Generally speaking, open-ended A g /2 type 
SIR possess a far wider applicable range, thus are more available for RF and 
microwave circuits. 



Resonator 





Fig. 3.39. Basic structure of a micro- 
stripline SIR 





3.5 Stripline SIR 



61 



Since stripline and micro-stripline resonators are formed on dielectric sub- 
strate, the use of a dielectric material with high permittivity proves to be 
most effective for miniaturization of filters. A stripline resonator, which has 
a tri-plate structure, possesses the same wavelength reduction factor as a 
coaxial resonator, whereas in the case of micro-stripline the reduction factor 
decreases due to the inhomogeneous dielectric medium. 

The unloaded-Q of stripline and micro-stripline resonators is dependent 
on the line width and the substrate thickness, and it becomes difficult to 
design high Q value resonator as compared to a coaxial type structure. This 
is because the center conductor of a coaxial resonator possesses a large sur- 
face area along with a uniform current distribution, whereas in the case of 
a stripline structure, ohmic losses are apt to increase due to the current 
concentration at the edges of the stripline center conductor. However, the 
stripline SIR has a distinct feature that allows for cost-efficient fabrication 
of various complicated structures due to a manufacturing process based on 
thick film and/or thin film processing technology. Thus, it can be concluded 
that stripline SIR are an available resource for filters which call for small size 
rather than low losses, and for microwave circuits requiring integration to 
active devices. 



3.5.2 Coupling Between Resonators 

It is a well-known method to apply parallel coupled-lines to obtain inter- 
stage coupling between resonators. In the case of SIR, the coupling circuit is 
electrically expressed as two pairs of coupled-lines as illustrated in Fig. 3.40. 
This circuit differs from that of the UIR. Coupled-lines 1 including a short- 
circuited section can be analyzed by even- and odd-mode impedance Zo e i, 
Zq 0 2 and coupled line length 0i . Inductive coupling is dominant in this por- 




Coupled-lines 2 

^OtT^Ool) 



Coupled-lines 1 

(^Oel’^Ool) 



Fig. 3.40. Interstage coupling 
structure of stripline SIRs 
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Fig. 3.41. Structural example of a 
strip line BPF 



tion due to a large current flow near the short-circuited point. Coupled-lines 2 
includes the open-end of the resonator, its electrical parameters being defined 
as Zoe 2 , Zoo 2 ? and # 2 - Capacitive coupling is dominant in this portion due to 
a high voltage near the open-end. Z\ and Z 2 for single transmission line SIR 
are given as the geometric means of even and odd-mode impedance as 



Thus, the even- and odd-mode impedance cannot be determined indepen- 
dently. Two pairs of coupled lines enable a more flexible design, while on the 
other hand this becomes a disadvantage because the coupling circuits cannot 
be determined uniquely. Although theoretical analysis of these two pairs of 
coupled-lines has been reported, a more generalized approach using a con- 
ventional microwave circuit simulator is also accepted, which we describe in 
the appendix. 

3.5.3 Stripline SIR-BPF 

From a practical point of view, a stripline SIR-BPF is not suitable for filters 
which require low-loss and steep cut-off characteristics, and is often applied 
to meet with demands which list miniaturization as the top priority [16,17]. 
A practical example actually in use is a two-stage BPF connecting the RF 
amplifier and mixer of a mobile communication terminal. Figure 3.41 shows a 
structural example of this two-stage BPF using stripline SIR. By employing 
tapping couplings for the input and output terminals and thus eliminating 
any additional components, this filter structure can be realized genuinely by 
thick film printing technology. 

An example of typical filter transmission characteristics is shown in 
Fig. 3.42. The figure suggests that this filter features a steep attenuation 
characteristic due to an attenuation pole generated at the lower side of the 
pass-band. The existence of the two pairs of coupled-lines enables this design, 
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Fig. 3.42. Example of typical fre- 
quency response of a stripline SIR-BPF 



where the attenuation pole frequency is controlled by the coupling strength 
of these coupled-lines. A contrary design where the attenuation pole is gen- 
erated at the upper side of the pass-band can also be realized by choosing 
the proper combination of these couplings. Analysis of such attenuation pole 
design will be discussed in Chap. 5. 
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The basic structure, electrical characteristics, and application examples of a 
Ag/2 type SIR are discussed in this chapter. Although the A g /4 type SIR 
is proven to be the most suitable structure for miniaturization, in practical 
application the A g /2 type SIR realizes far more RF devices than does the A g /4 
type SIR. This is due to the fact that the A g /2 type SIR is usually composed of 
a stripline configuration, thus allowing a wide range of geometrical structures 
while possessing good affinity with active devices. 

Figure 4.1 illustrates typical structural variations of the A g /2 type SIR. 
Structures (a), (b), and (c) in the figure are equivalent from a circuit topol- 
ogy point of view, though the geometrical structures vary between linear, U 
(hairpin), and ring-shape. The resonator shown in (d) has a U-shaped struc- 
ture resembling resonator (b), but also possesses inner coupled-lines utilizing 
both open-ends for miniaturization. Structure (e) is an improved structure 
of (d) where the space factor is remarkably extended for further miniaturiza- 
tion. The figure demonstrates the expanded flexibility of the A g /2 type SIR 
for circuit pattern layout and coupling circuit integration. 

Features of the A g /2 type SIR are summarized as follows. 





(d) (e) 

Fig. 4.1. Some structural variations of A g /2 type SIR. (a) Straight type, (b) Hair- 
pin type, (c) Ring type, (d) Hairpin type with internal coupling, (e) Ring type with 
internal coupling 
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(i) A highly suitable structure for hybrid ICs due to a stripline configuration 
without via-holes, 

(ii) A variety of geometrical structures with equivalent circuit topology based 
on the availability of fabrication by thick-film printing or thin-film photo- 
etching technology, 

(iii) Good affinity with active devices and practical applicability to oscillators 
and mixers, 

(iv) A wide range of applicable frequency from RF to microwave by proper 
selection of substrate material. 

In this chapter, the basic characteristics of a A g /2 type SIR based on straight 
transmission lines are presented. This is followed by discussions on the in- 
verter expression of coupling circuits composed of parallel coupled-lines, 
which becomes an important issue for practical applications. Based on these 
results, the generalized design method of a parallel-coupled SIR-BPF with 
arbitrary coupling length is derived, and two design examples are demon- 
strated. Next, analysis and basic characteristics of a SIR possessing internal 
coupling between the two open-ends are described, followed by design ex- 
amples of miniaturized filters including superconductor filters. Finally, active 
circuit applications are illustrated through examples of balanced mixers and 
push-push oscillators utilizing the features of SIR, and case studies on actual 
R&D issues are presented. 



4.1 Stripline A g /2 Type SIR 

4.1.1 Basic Characteristics 

The basic structure of a A g /2 type SIR is shown in Fig. 4.2. Analysis of this 
resonator is performed in the same manner as a A g /4 type SIR discussed 
in Chap. 2. Thus, for a direct analysis, input admittance Yj seen from an 
open-end must be obtained, in this case given as [1], 

Yi =j y 2 . 

2 (Rz tan#x + tan# 2 )(#z — tan#! tan # 2 ) , . 

Rz( 1 — tan 2 #i)(l — tan 2 # 2 ) — 2(1 — R\) tan #1 tan #2 
Resonance conditions are obtained by taking YJ = 0, thus giving 
Z<i 

Rz = — = tan #1 tan # 2 - 
Z\ 

As previously described, this equation is common for all SIR structures. Con- 
sequently, resonator electrical length, spurious frequencies, and susceptance 
slope parameters can be discussed in the same manner using (4.1). In the 
case of #1 = # 2 = #, (4.1) is simplified as 

2(1 +Rz){Rz ~ tan 2 <?)tan0 
i-J 2 Rz — 2(1 + Rz + R^) tan 9 ' 



(4.2) 
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(a)R z =ZjZ l < 1 

Qj < 71 





Thus, resonance conditions are expressed as 

6 = 6 o = tan -1 y/Rz> (4.3) 

Spurious responses of a A g /2 type SIR become more critical compared with 
Ag/4 type SIR [1]. This requires the designer to consider the spurious re- 
sponses of higher resonance modes which otherwise would be neglected 
for Ag/4 type SIR. By expressing the spurious resonance frequencies as 
/sbi, /sB2, /sB 3 and the corresponding 6 as 0si> #S2, 0S3, we obtain from (4.2) 

6 S i = 7 t / 2 , 

<9s 2 - tan _1 ( — \/Rz) = n - 6 0: 

#S3 = 7T. 

Thus, 

fsBl _ #S1 _ 7T 

fo 6 q 2 tan -1 \JRz ? 

/SB2 _ ^S2 _ 9 / /sbA _ 1 
fo ~ Oo - l/oj 
/sB3 _ ^S3 _ 9 ( fsBl\ 

fo - 6o - v fo J * 



(4.4a) 

(4.4b) 

(4.4c) 



4.1.2 Equivalent Expressions for Parallel Coupled-Lines 
Using Inverter 

A conventional BPF suitable for MIC utilizes parallel-coupled open-ended 
Ag/2 UIR, where the coupling length is generally chosen as A g /4 (equivalent 
to a coupling angle of 7r/4 radian), making it possible to derive the design 
formula under this condition. When applying SIR as a unit resonator element, 
the input/output coupling and interstage coupling between the resonators can 
still be realized by the same parallel coupled-lines, yet the coupling angle is 
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Z Z 

^Oe’^Oo 





Fig. 4.3. Parallel coupled strip- 
lines and their electrical parame- 
ters 



not limited to 7r/4 radian. This is because in the case of SIR, the parallel 
coupled-lines are realized from the Z 2 section including the open-end of the 
SIR as illustrated in Fig. 4.2. Thus, when adopting SIR, the designer must 
consider the coupling angle corresponding to an arbitrary line length of the 
Z 2 section based on the resonator structure [1]. 

Figure 4.3 shows the distributed coupling circuit applied to a stripline 
parallel-coupled BPF. The electrical parameters of this circuit are expressed 
by even- and odd- mode impedance Zo e ,Zo 0 , and electrical coupling angle 
9. In the case of a tri-plate stripline structure, 9 for both even- and odd- 
modes are the same because the phase velocity of both modes is equal. On 
the contrary, for a micro-stripline configuration, the phase velocity differs 
for both modes, thus making it necessary to distinguish the coupling angles 
as 9o e and 9q 0 to obtain a strict analysis. However, this difference has little 
influence on the coupling strength, and thus here we consider 9$ e = 9q 0 = 9 C 
for simplicity. Under this condition, the impedance matrix [Z] of the parallel 
coupled-lines is given as 



Z 11 Z12 
Z21 Z22 _ 

- _j Z Qe + Z$e cot g c _jg pe-ZQa cosec 6) c - 

^ ^ Q a cosecfl„ cot 

Since a BPF is generally expressed as a cascaded connection of resonators 
and coupling circuits, the above impedance matrix [Z\ is transformed into the 
fundamental matrix [F a \ in an attempt to simplify mathematical operations. 





m = 



A B 
C D 



A 

B 



= D = 



Z 1 



Zn e T Z\ 



Oo 



Z 21 Zo e — Zq 0 
Z\\ Z 22 — Z 12 Z 21 



cos 9 C , 



Z 21 



= J 



. (Zoe — Zqo) 2 + (Zoe T Zqo) 2 COS 2 9 C 



C - 



Z21 



— J 



2(Z 0e - Z 0o ) sin 9 C 
2 sin 9 C 
Z()e> ~ Z| 



Oo 



(4.6) 
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-90° 



Single line Inverter Single line 

Fig. 4.4. An equivalent circuit of parallel coupled-lines using a J-Inverter 



Although the circuit matrix for parallel coupled-lines can be expressed as 
(4.5) or (4.6), we find it extremely difficult to directly synthesize the BPF 
from these equations. To overcome this problem, we introduce an equivalent 
circuit composed of two single lines and an admittance inverter, which we 
treated as an ideal coupling circuit without frequency dependency, as shown 
in Fig. 4.4. 

An admittance inverter is defined as a two- port passive circuit of which 
the input admittance is inversely proportional to the load admittance Yl [2] . 
Taking the admittance inverter parameter as J, the fundamental matrix of 
an admittance inverter is expressed as 




0 




0 



(4.7) 



Assuming the load admittance of this circuit as Yl, Y\ is given as 




C + DYl 
A + BY l 



Substituting the matrix elements from (4.7), we obtain 





It can be seen from the above equation that Yj is inversely proportional to 
Yl- A wellknown example of an admittance inverter is a quarter- wavelength 
transmission line. Assuming a loss-free transmission line with impedance and 
line length expressed as Zq and 6, the fundamental matrix is given as 




cos# jZosin# 
cos* 



(4.8) 



Considering 6 = 7t/2, we obtain 




0 ]Z 0 
0 



The above equation satisfies the condition of an admittance inverter as de- 
fined in (4.7), and the admittance inverter parameter is given as 




70 



4. Half- Wavelength-Type SIR 



J = 



Z. o' 



Next, returning to Fig. 4.4 we derive the total fundamental matrix [F^]. Re- 
ferring to (4.7) and (4.8), [F\>] is given as 



[*y = 



cos 9 C jZ o sin0 c 
cos e c 





1 

o 

— .. 
i 




J 


-j J o_ 


L 


a 9 C 


; cos 9 C j f J . 



cos 9 C jZosin^ c 

cosd 
Z 0 



j ^- S j^ 2 c _ J cos 2 9 c ^j ( JZ 0 + 7 ^) sin 9 C cos 9 C 
Since [F a ] = [F ^\ , by equalizing each corresponding matrix element we obtain 



(4.9) 



Zoe + Zoo a ( 17 \ ^ 

COS & c = JZ o + 



Zoe -Zoo''"”' ' JZ 0 

(Z 0e - Z 0o ) 2 - (Z 0e + Z 0o ) 2 COS 2 9, 
2(Z 0e - Zqo) sin 9 C 
2 sin 9 r sin 2 9 



sin 9 C cos 6 > c , 



= JZq sin 2 9 C 



cos 2 9 C 
~ J 



JZ 2 



— J cos 2 9, 



(4.10) 



(4.11) 



(4.12) 



(4.13) 



Zoe ~ Zq 0 

The above simultaneous equations are not independent of each other, and 
any two equations among the three are valid for solution. Solving (4.10) and 
(4.11) with respect to Zo e and Zq 0 , 

Zq b 1 ~\~ J Zqcosgc9 c H - J 2 Zq 

Zo" = 1 - J 2 Z 2 cot 2 9 C 

1 + ( J/y o )cosec 0 c + ( J/Y 0 ) 2 
l-(J/y 0 2 )cot 2 9 C 

Zoo 1 — J Zocosec9 c 4- J 2 Zq 
~Z o = 1 - PZ 2 cot 2 9 C 

_ 1 - ( J/y 0 )cosec^ c + ( J/Y 0 ) 2 
i-(j/y 0 ) 2 cot 2 9 C 

These equations are generalized expressions for parallel coupled-lines with 
arbitrary coupling length. For the case of a quarter-wavelength coupling, 
substituting 9 C = 7t/2 into (4.13) and (4.14) gives 

2 

, (4.15) 



(4.14) 



^ = \ + L + (L 

Z 0 Y 0 \Y 0 



Zoo _ , J ( J 

Zo~ ~ Yo \Yo 



(4.16) 
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These equations correspond to Cohn’s results [3]. We understand from the 
above discussion that generalized circuit parameters of parallel coupled-lines 
with arbitrary coupling length are determined by specifying inverter param- 
eters required for the filter to be designed. 

4.1.3 Synthesis of Stripline Parallel- Coupled SIR-BPF 

The basic configuration of an n-stage BPF under consideration is shown in 
Fig. 4.5. SIR composing this filter can be of a uniform structure or a combi- 
nation of different structures. The synthesis method discussed here provides 
a generalized design technique for parallel coupled resonator filters, and the 
design method of a conventional parallel-coupled UIR-BPF can be derived 
from this method as a special case where Rz — 1 and 9c ~ tt/2. 

The following design conditions are introduced for simplicity and easy 
understanding. 

(i) SIR structure: 

Electrical line length is fixed at 9 1 =62 = 9 , and the impedance ratio 
and corresponding admittance slope parameters of the j-th resonator 
are defined as Rzj and bj. 

(ii) Coupling conditions: 

Input/output coupling and interstage coupling is achieved by parallel 
coupled-lines realized by the Z 2 line section including the open-ends. 

(iii) Input and output impedance: 

Both input and output port impedance is Zq, and the characteristic 
impedance Z 2 of the unit SIR is also chosen as Zq for design simplicity. 

These conditions are set for the practical convenience of simplifying design 
equations and procedures, and are not essential to the analysis. 




Fig. 4.5. Generalized configuration of n-stage BPF using stripline SIRs 
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When designing a coupled-line one should keep in mind that the coupling 
line length should be kept as long as possible while obeying the structural 
restrictions of the SIR, thus securing a wide line spacing between coupled- 
lines. Especially for the first and final stages of a BPF where the required 
coupling strength tends to be a decade higher than interstage couplings, 
the application of UIR possessing a coupling length of 7t/2 proves to be an 
effective solution for practical circuit patterning. 

Basic design procedures for stripline SIR-BPF resemble those of coaxial 
SIR-BPF discussed in Chap. 3. The actual procedures are shown as follows. 

(a) Calculation of BPF Basic Parameters 

According to the given specifications (center frequency, bandwidth, atten- 
uation, etc.), the basic parameters of the BPF such as number of stages, 
relative bandwidth, and element values are determined after specifying the 
filter response type such as Chebyshev or Butterworth. 

(b) Selection of SIR Basic Structure 

When designing the unit SIR, the impedance ratio Rz must first be specified 
in accordance with the target application of the BPF. For example, Rz < 1 
is recommended for a design where miniaturization is required, while Rz > 1 
is desirable for a contrary design emphasizing low-loss characteristics. Fur- 
thermore, the Rz value of all unit SIR can be designed to be equivalent, or 
a combination of different values can be chosen, which is known to be very 
effective for expanding the stop-band of the BPF. 

Although the fundamental design of SIR-BPF can be achieved by the 
method described in Sect. 4.1, computer simulations presented in the ap- 
pendix can be applied when rigorous estimations of unloaded-Q, coupling 
factor, and resonance frequency including junction and fringing effects [4,5] 
are required. 



(c) Calculation of Inverter Parameters 



Once the fundamental SIR structure is determined, the sucseptance slope 
parameter bj can be obtained from (2.19) and (2.22) or (4.1). Since relative 
bandwidth w and element value Qj are already given, the admittance inverter 
parameters can be calculated as follows: 
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(4.17c) 



(d) Determination of Coupled-Lines Parameters and Structure 



With the admittance inverter parameters determined, the coupled-lines elec- 
trical parameters Zo e and Zo 0 can be obtained from (4.10) and (4.11) by 
specifying coupling line length or coupling angle 9q. Furthermore, with %0e 
and Zo 0 determined, line width W and line spacing S of the coupled-lines is 
obtained in accordance with the transmission line structure such as tri-plate 
stripline, micro-stripline, etc. Synthesis of these coupled-lines can be achieved 
by using a commercially available general-purpose microwave circuit simula- 
tor. A tri-plate stripline structure shown in Fig. 4.6 is adopted for the design 
example later described. In this case, line width W and line spacing S can 
be analytically derived as follows. 

As shown in the figure, the dielectric constant of the substrate material, 
substrate thickness, line width, and line spacing of the coupled-lines are ex- 
pressed as e r , H , W c and *9, respectively, while the line width of a single line 
is expressed as W 8 . When the center conductor thickness t is extremely small 
compared to the substrate thickness H(t « H), the single line characteris- 
tic impedance Zq and coupled-lines even- and odd-mode impedances Zo e and 
Zoo are obtained as follows. 

Single line: 




^ + |ln2 



(4.18) 




Fig. 4.6. Physical pa- 
rameters of tri-plate cou- 
pled striplines 
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Coupled-lines: 
30t r 



%0e = 



Zq 0 — 



1 



^ if + n ln2 + T n j 1 + tanh (fff) } 

30tt 1 

^ + W ln2 + T n j 1 + c °t ^ (fff)} 



(4.19a) 



(4.19b) 



When performing transmission line synthesis, it is required to obtain the 
structural parameters for a given line impedance from the above equations. 
For a single transmission line, (4.18) can be solved directly, giving, 



W s 30t r 2 

— — = — — — ln 2. 

H Z^y/Tr 7T 



(4.20) 



As for coupled-lines, (4.19a) and (4.19b) can be solved with respect to W c 
and S by introducing parameters A and B as follows. 



Wc 

H 



A ln {1 + exp [ 7 t(A - 5))} , 

7T 



s 1 



1 4- exp [ 7 r(A — B)) 
1 — exp [7 t(A — B)} 



(4.21) 



where 
A = 

B = 



307T 1 

7 If- ln2 ’ 

Z Oe y£r ^ 

30t r 1 

Zq q \/ £ r 7T 



The above discussion suggests that it is possible to determine physical di- 
mensions of a transmission line by giving Zq for single line and Zo e and Zo 0 
for coupled-lines. 



4.1.4 Filter Design Examples 

The validity of the parallel coupled SIR-BPF design method presented in 
the previous subsection is demonstrated through the following examples of 
experimental filters actually designed and fabricated [1]. We present two BPF 
examples, one composed of SIR of uniform structure, and another applying a 
combination of different SIR structures to improve stop-band characteristics. 

(a) BPF Applying Uniform SIR Structure 

The following are design specifications of the experimental uniform structure 
BPF. 

Center frequency : fo — 1000 MHz 

Pass-band width : W > 20 MHz 

Attenuation : Ls > 45 dB at fo ± 100 MHz 

Spurious resonance frequency : /s > 2.5/o 
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Based on the method described in Sect. 3.2.2, we first determine the filter 
fundamental parameters which meet the above specifications. 

Filter response type : Chebyschev 
Number of stages : n = 4 
Pass-band ripple : R — 0.01 dB 
Relative bandwidth : w = 0.04 



Thus, element values gj are obtained as, 

go = 1.000 gi = 0.7129 

g 2 = 1.2004 g 3 = 1.3213 

g 4 = 0.6476 g 5 = 1.1007. 



Insertion loss at the center frequency can be expressed as 

4.434 ^ 422 , jm 

Lo = — — 2^9 j = — ( dB ) 



Qow 



j=i 



Q o 



With the fundamental parameters specified, we next determine the physical 
parameters of the experimental BPF. The resonator structure is first decided, 
which requires consideration of spurious frequency conditions specified as 
above 2.5/o. From the discussion in Sect. 4.1.1, the lowest spurious resonance 
frequency /sbi of a A g /2 type SIR with line length Q \ = 0 2 is given from 
(4.4a) as, 

/sbi _ ft - 
fo 2 tan ~ x y/Rz 

Thus, to satisfy /s = /sbi > 2.5 / 0 , cohditions for Rz are given as 

tan -1 \J~Rz < ? * 77—7: = 0.6283radians, 

2 2.50 

R z < (tan 0.6283) 2 = 0.528. 



Considering these results, we choose a Rz value of 0.5. 

The parallel coupled section is realized by the Z 2 section, where impedance 
Z 2 is assumed as 50 Q. Thus, we obtain 




50 

050 



= 100 Q, 



0 C = Q 0 = tan 1 \J Rz = 0.616 radians = 35.3°, 



b 0 - 2 6 0 Y 2 = 0.0246 S. 



The lowest spurious resonance frequency fs is calculated as 
fs = fsBl = T^rfo = 2.55/o. 

ZVq 

These results satisfy the requirements for spurious response. Other spurious 
responses can also be calculated from (4.4b) and (4.4c), the results are given ^ 
below for reference. ^ 
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/SB2 = (2/sBl//o — l)/o = 4.10/o, 
/sB3 = 2/sbi = 5.10/q. 



These results suggest that the spurious frequencies are shifted from the inte- 
ger multiples of fundamental frequency / 0 . This property can effectively be 
applied to the output filter of amplifiers and oscillators for the suppression 
of upper harmonic frequency components. The inverter parameters of the 
coupled section can be determined from (4.17a), (4.17b) and (4.17c) based 
on the values obtained of gj, b,w,Yo. 



Yo 

J 12 

y 0 

J23 

y r 



^45 

*0 

J34 




0.2628, 

0.05323, 



0.03910. 



Considering the above results, the even- and odd-mode impedance of each 
coupled section can be determined by (4.13) and (4.14) as follows, 



f (Zoe)oi = (Zoe)45 = 88.4 Q 
\ (Zoe)oi — (Zoo)45 = 35.6 n, 



f (Z()e)l2 = (Zoe)34 — 55.1 Q 
\ {Zoo)i2 — (-^ 00)34 = 45.8 

/ (Z 0e )23 = 53.6n 
\ (-Zoe)oi = 46.8 ft. 

Having determined the electrical parameters, we next consider the physical 
dimensions of the SIR-BPF. Prior to this design process, required specifi- 
cations of transmission line structure and substrate material are chosen as 
below. 

Transmission line structure : Tri-plate stripline 

Substrate material : Glass-fiber laminate 

Relative dielectric constant e r = 2.6 
Substrate height H — 3.13 mm 
Center conductor thickness 

t = 0.018 mm 
Loss tangent tan 5a = 1.0 x 10 -3 . 

Based on the above conditions, the physical dimensions of the resonator are 
first determined. As shown in Fig. 4.2, line lengths of section Z l5 Z 2 and total 
line length are expressed as 2^ 1? 2£ 2l and Ar, respectively, and thus t\ is given 
as, 

9 1 

£i = — ■ 300 • —= = 18.22 mm. 

2n Je x 





Coupled-Lines 



Z 0e = 88.43 
Z 0o = 35.61 

Z 0e = 55.06 
Zoo = 45.79 

Z 0e = 53.63 
Zoo = 48.83 



1.33 



2.20 



2.24 



0.09 



1.12 




ipf. 

|fe'i’^.. s -' r i -=v , S 

-id; p&fe 








Fig. 4.7. Photograph of 
the experimental BPF 



The line length correction A£ due to fringing effects is calculated for deter- 
mination of £ 2 - 

In 2 

A£ — H = 0.70mm, 

IT 

£2 — £\ — A£ — 17.52 mm. 

Consequently, £t is obtain as, 

£t = 2(£i + £ 2 ) — 71.48 mm. 

Line width W and line spacing S are determined by (4.20) and (4.21), these 
results are shown in Table 4.1. Thus all physical parameters of the experi- 
mental SIR-BPF are obtained. 

Figure 4.7 shows the circuit pattern of the experimental BPF based on 
the above design. The unit resonators composing the filter all possess a hair- 
pin structure [6], but spacing between branch lines of the resonator are wide 
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Fig. 4.8. Measured fre- 
quency responses of the 
experimental BPF 





Fig. 4.9. Broadband transmission response of the experimental BPF 



enough to discount unexpected effects due to coupling. Figure 4.8 shows the 
frequency response near pass-band of the experimental filter. These results 
suggest that the actual center frequency has shifted to 996 MHz and return 
loss characteristics have not met expected values. Such deviation can be im- 
proved by fine-tuning of each resonator, but more importantly, the obtained 
characteristics meet with design specifications regardless of adjustment. In- 
sertion loss at mid-band measures 2.8 dB, and the unloaded-Q estimated from 
this result is about 150. For achievement of low- loss performance, an alter- 
native design based on Rz > 1 should be adopted, although doing so will 
sacrifice miniaturization and stop-band characteristics. 

Figure 4.9 shows the broadband transmission characteristics of the ex- 
perimental filter. The data illustrates the spurious responses generated at 
2.6/o and 4.2/o which closely agree with theoretical values. This allows us to 
confirm that the stop-band has been expanded to 2.5 /q. These results illus- 
trate one of the attractive features of the SIR where spurious frequencies are 
generated at frequencies shifted from the integer multiples of fundamental 
frequency / 0 . As previously described, this property proves extremely useful 
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Table 4.2. Comparison of the data of the trial BPF between designed and measured 
values 





Designed Values 


Measured Values 


Center Frequency 


1000 MHz 


996 MHz 


Insertion Loss 


422/QodB 


2.8 dB 


0.5 dB Bandwidth 


>20 MHz 


30 MHz 


Attenuation 
(/o ±100 MHz) 


45dB 


46 dB 


Spurious Frequency 


/si = 2.55/0 
/s2 = 4.10/o 


/si = 2.60/o 

fs2 — 4.20/o 



in the design of an output filter applied for suppression of harmonic compo- 
nents generated in nonlinear circuits. Design values and measured results of 
the experimental filters are summarized in Table 4.2. We conclude that good 
agreement has been obtained between the theoretical and measured values, 
thus proving the validity of the design method described in Sect. 4.1.3. 

Although the above design example utilizes a dielectric substrate with low 
permittivity, when considering miniaturization of the BPF, the use of high 
permittivity materials can be extremely effective. As for low-loss character- 
istics, we have already stated that a design based on Rz > 1 is preferable. 
The development of a 1.5 GHz band diplexer has been reported [7], this filter 
realizing a compact size and low insertion loss using a dielectric substrate of 
e r — 89 and SIR design of Rz = 1.4. 

(b) BPF Combining Different SIR Structures 

Conventional resonator-coupled BPF generally apply resonators of uniform 
structure for design and fabrication convenience. Conversely, a combination 
of different SIR structures can be adopted for a special purpose such as a 
spurious- free BPF with wide stop-band. As an application example, here we 
consider a BPF with wide stop-band characteristics for spurious suppres- 
sion. Such characteristics are based on the capability of controlling spurious 
resonance frequencies by changing the SIR structure while maintaining the 
same fundamental resonance frequency. As previously described, this tech- 
nique is easily realized with the application of SIR, and claims that stop-band 
characteristics were considerably improved by applying a combination of two 
different structures of coaxial A g /4 type SIR have been reported [8]. 

This technique can also be applied to stripline BPF using A g /2 type SIR. 
Moreover, the suppression of spurious responses can be effectively improved 
by introducing distributed coupling circuits such as parallel coupled-lines, 




so 
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Fig. 4.10. Structure of the j-th res- 
onator unit and its surrounding cou- 
pling sections 



because the electrical performance of these circuits is intrinsically frequency 
dependent. In contrast to structures employing lumped-element coupling cir- 
cuits, this becomes one of the attractive features of a stripline BPF applying 
Ag/2 type SIR. It is well-known that antiparallel coupled-lines attain a max- 
imum coupling strength at a coupling angle of (l/2+ra)7r and a minimum 
value at n7T, where n indicates the integer number. Making use of this prop- 
erty enables spurious suppression applying parallel coupled-lines [9]. 

We start our discussion with the calculation method of response level in 
the stop-band. The frequency range of the stop-band is far from the center 
frequency of the BPF, and thus the equivalent circuit shown in Fig. 4.4 cannot 
be applied to calculate response levels. This is because this circuit is valid 
only near the resonance frequency (center frequency) of the BPF, and thus 
the original circuit shown in Fig. 4.3. must be considered. Consequently, (4.6) 
must be considered as the F-matrix of the coupling section. 

Figure 4.10 illustrates the structure of the j-th resonator unit and its sur- 
rounding coupling sections. In the figure [F c ]^_ l ■ and [F c \ . . ;+1 , respectively 
indicate the F-matrix of the coupling section between the (j — l)th and j-th 
resonator, and j-th and (j+l)-th resonator, while the F-matrix for the single 
transmission-line section of the j-th resonator is defined els [Fi]j. Expressing 
the SIR-BPF as a cascaded connection of these matrices, the total F-matrix 
of the BPF is obtained as follows: 

[Ft] = [fc ] 01 [FlI [F c ] 12 [F l ] 2 • • ■ 

• • • [Fcl^+j • • • 

• • • [Fc] n _ l n [F L ] n [F c ] n n+1 . (4.22) 

Transmission characteristics in both the pass-band and stop-band can be 
obtained from the above equation. 

We next describe the actual design procedure and a practical design ex- 
ample. The basic specifications for this experimental BPF are the same as 
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the BPF described in (a), with an extra requirement restricting spurious re- 
sponses to below — 30 dB at frequencies of up to 5/o. Since the basic design 
procedures, except the stop-band requirements, are the same as the previ- 
ous example, here we focus on the suppression of spurious responses in the 
stop-band. 

Although the combination of SIR structure to be applied ranks among 
the first to be considered, there exists no systematized method to determine 
a proper combination from the specified levels of spurious response. Thus, 
selection of SIR structural combinations was achieved by a trial and error 
method, where the candidates for SIR combinations are first chosen, followed 
by calculations of spurious response levels based on (4.22), and finally a simple 
combination meeting with target specifications is selected from a practical 
viewpoint. Consequently, the following simple combination was adopted. The 
structural parameters Rz of the four unit resonators are expressed as, 

Rzi = Rz 4 = 1-00, 

Rz2 — &Z3 — 0.50. 

UIR, represented above by Rz = 1, is applied to the first and last (fourth) 
resonator. Coupling angles are chosen as, 

#01 = #56 = 90°, 

#12 — #23 = #34 = 35.3°. 

These values were tested to confirm that this configuration enables suppres- 
sion of spurious response levels to below — 30 dB and has few spurious re- 
sponse peaks. Table 4.4 shows the calculated values of spurious frequencies 
and spurious response levels of this BPF design. With the impedance ratio Rz 
determined, we next design the resonators and coupling sections according 
to the previously described technique. Table 4.3 shows the design parameters 
of the coupled-lines. 



Table 4.3. Design parameters of coupled- lines 



3,3 + 1 


(deg) 


Jj,j+ i/To 


(Zoe)jj + 1 

(ft) 


{ZOO); 

(ft) 


01 


90.0 


0.2969 


69.3 


39.6 


12 


35.3 


0.0601 


55.8 


45.3 


23 


35.3 


0.0391 


53.6 


46.8 


34 


35.3 


0.0601 


55.8 


45.3 


45 


90.0 


0.2969 


69.3 


39.6 
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Table 4.4. Calculated and measured values of spurious responses 



Spurious Freq. 


2/o 


2 . 55/0 


3/o 


4/o 


4.1/o 


5/0 


5 . 1/0 


Calculated Level 


< -100 


-34.5 


-43.5 


-60 


-45.7 


-79.5 


< -100 


(dB) 

Measured Level 


< -55 


-33 


-46 


-50 


< -55 


< -55 


< -55 



(dB) 




Fig. 4.11. Photograph of the 
experimental BPF for spurious 
suppression 



Figure 4.11 shows the circuit pattern of the experimental BPF designed 
on the same substrate as in the previous example. Calculated and measured 
transmission characteristics near the center frequency of the pass- band are 
shown in Fig. 4.12. The measured data is in close agreement with design, and 
although return-loss characteristics show some decline, this can be improved 
by fine-tuning of each resonator. Figure 4.13 illustrates stop-band character- 
istics, where spurious responses are observed at 2.6/ 0 , 3.0/o, and 4/o, and the 
corresponding response levels are — 33 dB, below — 45 dB, and below — 45 dB, 
respectively. These characteristics sufficiently meet with specifications, en- 
abling the stop-band to be expanded to 5/o, and thus demonstrating the 
validity of the design method described here. 

Table 4.4 shows a comparison between the theoretical values and mea- 
sured values of the spurious frequencies and response levels of the BPF. The 
first and fourth resonator being UIR ( Rz = 1-0), spurious resonances are gen- 
erated at the integer multiples of the center frequency 2/o, 3/o, 4/o, 5/o, 

The second and third resonators ( Rz = 0.50) possess spurious response at 
2.55/o, 4.10/o, 5.10 /q • ■•. Although there are seven spurious resonance fre- 
quencies below 5/o, only three distinct spurious responses are observed at 
2.55/o,3/o,4/o. These results also match the simulated values. 
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Frequency (MHz) 



ig. 4.12. Calculated and mea- 
ired responses of the experi- 



ental BPF 




Frequency (GHz) 

Fig. 4.13. Broadband transmission response of the experimental BPF for spurious 
suppression 



The distinct spurious response at 2.55 / 0 can be explained as the syner- 
gistic effect of the second and third resonator being resonant at that point, 
and the coupling strength between the two taking maximum strength due 
to a coupling angle of 90° (= 35.3 x 2.55) at 2.55/ 0 . On the contrary, the 
first and fourth resonators are resonant at 2/o, where there exist no coupling 
between the resonators because the coupling angle becomes 180° (= 90 x 2), 
and thus the response level is suppressed. These results imply that it is ef- 
fective to utilize the frequency dependence of the coupling section, as well as 
the combination of resonator structures, in order to obtain maximum spuri- 
ous response suppression and stop-band expansion of the BPF, and for this 
purpose the stripline SIR is a highly reliable resource. 
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4.2 Internally Coupled SIR 



4.2.1 Basic Structures and Resonance Condition 

Although stripline resonators are the most frequently used resonator struc- 
ture in microwave circuit design, they possess a fundamental disadvantage of 
large size. In an attempt to overcome this problem, the authors have proposed 
a new resonator structure, composed of a ring-shaped stripline possessing two 
open-ends connected by a capacitor as shown in Fig. 4.14, which has since 
been developed and applied to RF and microwave devices [10,11]. This res- 
onator structure, called the stripline split-ring resonator, enables miniatur- 
ization while maintaining an attractive feature of the A g /2 resonator, namely 
a structure that needs no DC-grounded points in the stripline. It is extremely 
important in the design of practical RF circuits that the applied resonators 
have no grounded points. From an electrical performance viewpoint the ex- 
istence of a DC-grounded point is apt to ruin circuit stability by inducing 
stray inductance and increasing circuit losses. Moreover, from a manufactur- 
ing view point, such grounded points require an additional process for forming 
via-holes, which will degrade reliability and cost-efficiency of the device. 

An internally coupled SIR structure replaces the lumped-element capaci- 
tor Ct shown in Fig. 4.14 with a distributed coupling circuit [12]. We start our 
discussion on this topic with the resonance conditions of the circuit shown 
in Fig. 4.14, which is derived from the input admittance Yj at the end of 
the transmission line as shown in the figure. The circuit in Fig. 4.14 can be 
equivalently expressed as a four-terminal circuit shown in Fig. 4.15. Thus, 
the split-ring resonator can also be regarded as a four-terminal circuit con- 
sisting of a parallel-connected single transmission line and capacitor, with an 
open-circuited output terminal. The F-matrix of the serial connected C x and 
single transmission line, respectively expressed as [Fi],[F 2 ], are defined as 
follows. 



Dielectric Substrate 




Fig. 4.14. Basic structure of a 
stripline split-ring resonator 
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Fig. 4.15. An equivalent cir- 
cuit of a split-ring resonator 



[^i] = 



[^] = 



'Ax Bi 




1 l/ju>Cr 




Cx Dx_ 




0 1 


1 


A 2 b 2 




cos Ot 


jZssin^T 


1 

S 

b 

to 

I 




_ j sin 6 t /Zs 


COS #T 



(4.23) 



(4.24) 



[Ft], defined as the total F-matrix of a parallel connection between the above 
circuits, is obtained as, 



[Ft) = 

where 
At — 



At Ft 
Ct Ft 



(4.25) 



Ft = 



A1-B2 + A2F1 
B\ + B 2 
B\B 2 



B\ + B 2 

-( A ! - A 2 ){D l - D 2 ) - (F : + 5 2 )(Ci + C 2 ) 



C T = 



B\ + B 2 



Ft = 5l . g 2 - +| - 2D - 1 = A T . 

B\ + B 2 

Taking the load impedance of the circuit shown in Fig. 4.15 as Zl, input 
admittance Y\ is obtained from (4.25) as, 

CtZl + Ft Ct + Ft/Zl 



Yi = 



(4.26) 



AtZl + Ft At + Ft/Zl 

In the case of a split-ring resonator, Zl is considered infinite, thus enabling 
Y[ to be obtained from (4.26) as, 

Ct — (Ai — A 2 )(D 1 — D 2 ) — (Fi + F2 )(Ci + C 2) 



Y = 

At A1F2 + A2F1 

Substituting each matrix element from (4.23) and (4.24), we obtain, 



(4.27) 
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Fig. 4.16. Calculated results of res- 
onance frequency of a split-ring res- 
onator 



Y\ = 









jZs sin + cos /j^Cr 
Ys sin — 2o;Cx(l — cos 0 t) 

S Is cos #T ~ cjCt sin 



(4.28) 



The resonance condition of a shunt-resonator can be expressed as Y\ = 0, and 
thus the following equation can be derived. 



Ys sin#T ““ 2u;Ct(1 — cos#t) = 0. (4.29) 

Figure 4.16 illustrates the relationship between Ct and resonance frequency 
when Zs — 50 and line length is constant, where results suggest that reso- 
nance frequency can be controlled by simply changing capacitance C^. The 
application of this feature to wide-band electrically tunable BPF have been 
reported [10]. 

The input impedance Z y of the split-ring resonator can also be obtained 
from the denominator of (4.28), and from this the serial resonance condition 
is expressed as follows: 



Ys cos — wCt sin — 0* (4.30) 

The resonance points obtained from (4.29) and (4.30) are in the relation of 
resonance and antiresonance, and are known to exist at a small distance, while 
their relative frequency span can be further reduced by applying a greater Cj 
value. This implies that a split-ring resonator can be designed to inductively 
operate in a narrow frequency band, where reactance shows an extremely 
rapid change. Such properties are ideal for the reactance element of oscil- 
lators, and hence low phase noise oscillators employing split-ring resonators 
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Split-ring resonator 

with lumped-element capacitor 








Split-ring resonator 
with edge coupling 







SIR with interal 
coupled-lines 



Fig. 4.17. Structures of split-ring resonator and related SIR. (a) Conventional 
split-ring resonator, (b) Edge-coupled split-ring resonator, (c) SIRs with internal 
coupling 



have been put into practical use in the UHF band for mobile communication 
equipment. 

Split-ring resonators employing lumped-element capacitors have advan- 
tages of small size and the capability of controlling resonance frequency, while 
possessing simultaneous disadvantages of larger circuit losses and larger res- 
onance frequency variance due to the lumped-element capacitor Ct* Such 
drawbacks can be conquered by replacing the lumped-element capacitor Cp 
with distributed coupling elements, as shown in Fig. 4.17. Figure 4.17b indi- 
cating a structure based on edge coupling is one such example, but capaci- 
tance values realized by this configuration are too small to design a compact 
split-ring resonator. Thus, two structures in Fig. 4.17c are desirable for practi- 
cal applications. Resonators of such a structure are regarded as SIR possessing 
internal coupling elements realized by parallel coupling of the transmission 
lines near both open-ends. Applying this structure enables a compact SIR 
design while simultaneously increasing design flexibility. 
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Single line 

Z s ? $r ( = 20 s ) 






coupled-lines 
^pe > Z po 
V^Pe» ^po 



Fig. 4.18. An equiva- 
lent circuit of SIR with 
internal coupled-lines 



Next, let us discuss the resonance frequency of the resonator structures 
shown in (c). Fig. 4.18 illustrates an equivalent circuit expression of this struc- 
ture, and as the circuit in Fig 4.15, this circuit can be analyzed as a parallel 
connection of a single transmission-line and parallel coupled-lines with open- 
ends [12]. Even- and odd-mode impedance and corresponding coupling angle 
of parallel coupled-lines are represented by Zo e , Zo 0 and 0 pe , 0 po , respectively. 
The F-matrix corresponding to (4.23) can be expressed as, 




B 1 

Ci Di 



r Z pe cot 0 pe H - Z] 



po cot Qpo . 2Z pe 2’po cot 0 pe cot 0 po 




.(4.31) 



L Zpe COt 0 pe Z p 0 COt @p 0 



Zpe COt 0 pe Z po COt 0p O -j 



Resonance conditions are obtained by substituting the matrix elements of 
(4.24) and (4.31) to (4.27), and solving YJ. Consequently, the resonance con- 
dition results as follows. 



(Zr p e ‘ Zpo COt $pe COt 0p O Zg) 

+ Zg ( Zpe COt 0p e + Zpo COt $ p o) COS O'J' 

-Z s (Zpe cot 0 pe - Zpo cot 0 po ) = 0. (4.32) 

The phase velocities of even- and odd-modes are again assumed equal for 
simplicity as 0 pe = 0 po = 0 Pi and thus (4.32) is expressed as, 

(Zpe • Z po cot 0 p - Zj tan 0 p ) sin 20s 

+Zs (Zpe + Zpo) cos 20s — Zs ( Zpe — Z po ) = 0, (4.33) 

where Os = 0^/2 . Furthermore, parameters Zp and (7, defined as follows, 
are introduced. 

Zp = yj Zpe • Zpo : geometric means of even- 

and odd-mode impedance 

C = (Z pe — Z po ) / (Z pe + Z po ) : coupling coefficient 
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Fig. 4.19. Calculated results of 
resonance condition when taking 
Rz as parameter 



Using these parameters, we obtain 

Zpe + Z po = 2Zp/v'l -C 2 , 

Z pe - Z po = 2CZ P /v / l - C 2 . 

Substituting the above equations equation into (4.33), the final resonance 
condition is obtained as, 

\J 1 — C 2 • ( R Zp cot 0 P — tan Q p /Rz P ) • sin 20s 

+2 cos 20s — 2C = 0, (4.34) 

where = Zp /Zs : impedance ratio. 

Based on these results, the relationship between total resonator length 
2 (0s + 0p) and single line length is obtained to examine the conditions of 
miniaturization. Figures 4.19 and 4.20 show resonance conditions when tak- 
ing R z and C' as parameters, respectively. Here C' indicates the coupling 
coefficient indB ( C ' — 201og(l/C)). Results indicate that a lower Rz and a 
greater C (or smaller C') are required for miniaturization. In addition, the 
conditions yielding minimum resonator length 2 (0s + 0 P ) for a constant Rz 
and C are given as 0s = 0 P , which is equivalent to that of a conventional SIR 
without coupled-lines. 



4.2.2 Equivalent Circuits at Resonance 

The resonance conditions expressed as (4.32) and (4.34) are general descrip- 
tions derived from the input admittance of the resonator. However, their re- 
lationship is too complicated to allow understanding of their physical mean- 
ings. Thus, in this section we focus on an equivalent circuit expression at 
resonance to investigate such resonance conditions [12]. A A g /2 type res- 
onator with open-ends possesses a maximum electric field distribution near 
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Fig. 4.20. Calculated results of 
resonance condition when talking 
C' as parameter 



(a) Odd-mode 



(b) Even-mode 




Fig. 4.21. Equivalent circuits at resonance frequency, (a) Odd- mode case, (b) 
Even-mode case 



both open-circuited ends at resonance, and the phase difference between both 
ends is 7r (radian) at fundamental resonance f 0 and O(radian) at the following 
higher mode of resonance 2/o. This implies that a SIR with internal coupled- 
lines generates an odd-mode field distribution at fundamental resonance /o, 
and thus only Z po need be taken into consideration as the impedance of the 
parallel coupled-lines. Consequently, the equivalent circuit at resonance can 
be expressed as a conventional single line SIR as shown in Fig. 4.21a. Sim- 
ilarly, the equivalent circuit for the following higher resonance mode (2/o) 
is expressed as Fig. 4.21b because the electric field distribution in this case 
will be even-mode. Thus, an SIR with coupled-lines can be expressed as a 
conventional SIR composed of two single transmission lines, hence resonance 
conditions are given as, 

Even- mode : tan#s * tan# po = Rz 0 — Z po /Zs, 

Odd-mode : tan#s * tan# pe = Rz e = Z P e/Zs- 



(4.35) 

(4.36) 




4.2 Internally Coupled SIR 



91 



The equivalent circuits described above are enough to facilitate analysis near 
resonance frequencies, and furthermore provide a good understanding of cir- 
cuit behavior at resonance. For off-resonance frequencies, however, circuit 
performance can only be examined by applying (4.32). 

4.2.3 Filter Design Examples 
(a) Ring-Shaped SIR-BPF 

As a MIC applicable filter structure, we discuss a ring-shaped SIR-BPF [12] 
illustrated in Fig. 4.22. A micro-stripline configuration is adopted for the 
transmission-line, while basic properties of the substrate are given as, 

Relative dielectric constant : £ r — 10.5 
Loss tangent : tan S ^ = 0.002 

Substrate thickness : H = 1.27 mm. 

To obtain a generalized design method, design charts are prepared in accor- 
dance with the techniques described in the appendix. The basic structure of 
the resonator is given as, 

Z s =50 ft, 

2 0s = 100° (at 1.5 GHz), 

Z pe = 97.6ft, 

Zpo = 29.5 ft. 

Figure 4.23 shows the relationship between electrical length 0 p of the coupling 
section and resonance frequency. The figure suggests that fine-tuning of fre- 
quency can be achieved by adjusting the length of the parallel coupled-lines 
in the manufacturing process. 

Unloaded-Q(Qo) and external-Q(Q e ) are next to be obtained. Deriving 
an analytical expression for Qo and Q e becomes extremely difficult due to 
the existence of internal distributed coupling within the resonator, and thus 
the method described in the appendix is introduced. Here a simple coupling 
structure by tapping is adopted as an external coupling circuit. Figures 4.24 




Fig. 4.22. Electrical parameters of a ring-type 
SIR with internal coupled-lines 
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Fig. 4.23. Filter design chart: Reso- 
nance frequency 




Fig. 4.24. Filter design chart: 
Unloaded-Q (Qo) 



and 4.25 illustrate the results for Qo and Q e , respectively. The interstage 
coupling circuits between resonators are realized by parallel coupled-lines, 
and the coupling coefficient k is obtained by the method described in the 
appendix. Figure 4.26 shows calculated results of k. 

Thus, by applying these design charts shown in Figs. 4.23 to 4.25, it is 
possible to design a BPF with specified characteristics in the 1.5 GHz band. 
As a design example, we consider a BPF specified as follows: center fre- 
quency fo = 1.5 GHz, pass-band bandwidth W > 30 MHz, and attenuation 
Ls > 20 dB (at/o ± 0.1 GHz). Filter design parameters meeting the above 
specifications are determined as follows: 

Number of stages : n =3 

Input and output coupling : Q e =19.68 
Interstage coupling : k 12 = &23 = 0.0433. 
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Fig. 4.25. Filter design chart; Exter- 
nal-Q (Q e ) 




Fig. 4.26. Filter design chart; In- 
ter-stage coupling factor 



Consequently, the electrical parameters of the BPF are obtained from the 
design charts as: 

resonator parameters: 

Z s = 50 0, #s = 100°, 

Z pe = 97.6Q, Z po = 29.5 FJ, 0 P = 26°, 

coupling parameters: 

input and output 6 t ap = 13.8°, 

interstage Zq 0 = 43.7 Q, Zq g = 57.2 F2, 9 C = 31.9°. 

A photograph of the experimental BPF is illustrated in Fig. 4.27, while 
measured characteristics are illustrated in Fig. 4.28. Figure 4.27 compares 
the ring-shaped SIR-BPF (below) to a conventional hairpin resonator filter 
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Fig. 4.27. Photograph of the ex- 
perimental BPF. Above: Conventional 
hairpin resonator filter. Below: Ring- 
type SIR filter 




Fig. 4.28. Frequency responses of the experimental BPF 



(above), where we see a size reduction of more than 50% by applying the 
ring-shaped structure. The two filters are based on the same design specifica- 
tions, and measured electrical performance also proved to be equivalent. In 
addition, the measured data in Fig. 4.28 agree well with the designed data, 
thus proving the validity of the described design method. 

(b) Hairpin-shaped SIR-BPF 

Figure 4.29 illustrates the basic structure and electrical parameters of the 
hairpin-shaped SIR to be discussed. Compared with ring-shaped SIR, this 
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Fig. 4.29. Electrical parameters of 
hairpin-shaped SIR 




Fig. 4.30. Calculated results of unloaded-Q 



resonator structure features an advantage of low impedance coupling between 
the coupled-lines. 

As with structure in (a), we prepare design charts for a 1.5 GHz band BPF 
by applying the method described in the appendix. The applied substrate has 
a dielectric constant of 10.5, thickness of 1.27 mm, and a loss tangent of 0.015, 
which is slightly smaller than the substrate used in (a). Figure 4.30 illus- 
trates calculated results of one such design example. The results suggest that 
unloaded-Q primarily depends on the loss tangent tan^ of the substrate, 
while the coupling angle 0 P of the coupled-lines also contributes to change. 
The effects of the coupling angle 0 P are presumably due to the loss gener- 
ated in the distributed coupling section, but more likely brought about by 
unloaded-Q degradation caused by the shortening of total resonator length. 
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Fig. 4.31. Filter design chart: 
External- Q 



This can be understood from the figure, where the unloaded-Q degrades in 
accordance with a gain in 9 P even in the case of tan <5^—0. Electric field loss 
caused by loss tangent tan Sj being the dominant factor for losses generated 
at parallel coupled-lines, the unloaded-Q should not be dependent on 0 P if 
tandd=0. Thus, we understand that the influence of size effects, namely the 
total resonator length, is dominant. 

Figure 4.31 shows the relationship between tapping position and external 
Q(Q e ). The electrical parameters of the resonator are given as, 

Zs = 60tt, 0s — 36°, 

Z 0e = 41.6 ft, Zoo = 21.6ft, %o P = 25°. 

These values imply the structure’s suitability for application to narrow band 
filters with a relative bandwidth of several to several tens of per cent. Figure 
4.32 shows calculated examples of interstage coupling factor k as a func- 
tion of resonator spacing G, in the case of a parallel-coupling configuration. 
These results reveal that this configuration is suitable for a narrow band fil- 
ter with a bandwidth of less than several per cent. On the contrary, when 
a broadband filter with strong coupling is required, a structure possessing 
antiparallel coupling between the resonators is considered desirable. Based 
on the above discussions, we design a BPF with the following specifications 
which are equivalent to that of (a). 

Center frequency : fo = 1500 MHz 

Passband bandwidth : W > 30 MHz 

Attenuation : Ls > 20 dB (at/ 0 ± 100 MHz). 

As previously discussed, this filter can be designed by adopting the filter 
parameters as, 
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Fig. 4.32. Filter design chart: In- 
terstage coupling factor 




Fig. 4.33. Photograph of the ex- 
perimental filter 



Number of stages : n — 3 

Coupling parameters : Q e = 19.7, fc 12 = k 2 3 = 0.0434. 

The resonator parameters are given previously, and thus the coupling param- 
eters are obtained from the design charts of Figs. 4.31 and 4.32 as, 

Tapping position : 0 P — 13.6° 

Resonator spacing : G = 0.58 mm. 

From the above discussion, all physical parameters of the experimental BPF 
are determined. Figure 4.33 shows a photograph of the experimental filter. 
The applied substrate size measures 23 mmxl7mm, which is nearly equiv- 
alent to the ring-shaped SIR-BPF described in (a). The measured charac- 
teristics are shown in Fig. 4.34. These results have been obtained without 
frequency adjustments of the resonators. The insertion loss at mid-band mea- 
sured 2.5 dB, corresponding to the designed value estimated for an assumed 
unloaded-Q of 210. Furthermore, excluding a slight disturbance in the higher 
frequency bands, measured frequency responses also indicate close agreement 
with design. 
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Fig. 4.34. Transmission char- 
acteristics of the experimental 
filter 



(c) Application to High-T c Superconductor Filters 

Ever since their discovery in 1986, attempts to realize practical application 
of high critical-temperature superconducting (HTS) thin film materials have 
been tested in various industrial fields, and much attention is paid to its 
practical application to microwave filters for communication systems [13]. 
One promising application in this field is to the receiver front-end filter for 
base stations in mobile communication systems, where a low insertion loss 
and steep attenuation are required for reception sensitivity and selectivity. 
The HTS filter possesses a potential possibility of realizing a dramatic size 
reduction for communication filters which require narrow band and extremely 
low insertion loss properties. This is based on expectations of extremely small 
surface resistivity of HTS thin film, resulting in an ultrahigh unloaded-Q 
value even for a reduced resonator size. The drawback is the necessity of a 
cryogenic environment, where device miniaturization becomes the key factor 
for reduction of operating power and improvement of system reliability. Thus, 
the miniaturization of the HTS filter itself becomes a key issue for practical 
application [14-16]. 

Table 4.5 summarizes measured surface resistivity at 10 GHz for typical 
HTS materials [17], namely YBa 2 CusO x and Tl2Ba2CaCu20 x . Results show 
HTS surface resistivity values reduced to 1.4 and 3.3 per cent of metal copper 



Table 4.5. Characteristics of superconducting materials measured at 10 GHz 



Material 


r c (K) 


Surface Resistivity (m Q) 
300K 77K 50K 


YB 2 Cu 3 O x 


94 


— 


0.3 


0.08 


Tl2Ba2Cu20 x 


110 


— 


0.13 


0.09 


Cu 


— 


26 


9.0 


4.2 
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values. In addition, in the lower frequency bands the surface resistivity of HTS 
material is further reduced in comparison to conventional metals, due to a 
proportional relationship to frequency squared. Typical dielectric substrates 
applied to HTS thin film include single crystal dielectric material such as 
MgO and LaA103, which possess a loss tangent of approximately 7 x 10“ 6 at 
10 GHz, and reports claim unloaded-Q value of over 10 5 for HTS resonator 
applying these substrate materials in the microwave region. 

As previously described, the HTS filter is suitable for a filter with narrow- 
band characteristics and a steep attenuation. As an example, an experimental 
filter based on Chebyschev response with center frequency / 0 = 2.0 GHz, 
relative bandwidth w — 0.01, number of stages n = 8, and pass-band ripple 
R = 0.01 dB is discussed. The pass-band insertion loss is given by (3.37) as, 




4434 

wQo 



n 



E^ dB 



3 = 1 



5640 

Qo 



dB. 



The unloaded-Q value of a conventional stripline resonator is dependent on 
structure, but maximum values rarely exceed several hundred at 2 GHz. This 
implies an insertion loss Lq of several dozen dB, which will not be tolerated in 
a practical application. However, by applying HST materials to this structure, 
an unloaded-Q of over 10 4 can easily be achieved, thus allowing for a practical 
insertion loss value of less than 0.5 dB. . 

Figure 4.35 shows two filter circuit patterns designed by the above spec- 
ifications. The substrate material is LaA103(s r = 24) with a thickness H of 
0.5 mm, while the HTS material is YBa2Cu30 x . In the figure, (a) and (b) 
indicates a BPF using hairpin-shaped SIR and a BPF using conventional 
parallel-coupled UIR, respectively. In the case of (a), the geometric mean 
of the even- and odd-mode impedance of the parallel coupled-lines is set at 
25 ft and the characteristic impedance of the single line is 50 ft. Adopting a 





(a) 



10 mm 



(b) 

Fig. 4.35. Filter circuit patterns, (a) BPF using hairpin-shaped SIRs. (b) BPF 
using conventional parallel-coupled UIRs 
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hairpin-shaped SIR structure enables the total size of the experimental filter 
to be reduced to 15 x 25 mm 2 . The filter size in the case of (b) is 40 x 105 mm 2 , 
thus implying a size reduction of 90% by effectively utilzing the advantages 
of the hairpin-shaped SIR [16]. Figure 4.36 shows a photograph of the exper- 
imental filter mounted on a test jig, while performance is shown in Fig. 4.37. 
Measured insertion loss in the pass-band was less than 0.4 dB. This includes 
losses generated in the connectors and measurement cables, which are diffi- 
cult to separate in practical terms. Though it is hard to accurately determine 
the unloaded-Q value, an unloaded-Q value exceeding 10 5 can be assumed 
when considering the results obtained from a single resonator. Practical ap- 
plication of HTS filters will require technologies reaching out to various fields 
such as materials, circuit design, and thermodynamics, and various problems 
remain still to be solved. However, the HTS filter possesses the possibility of 
offering totally new devices, and high hopes are placed on future progress to 
practical application. 





Fig. 4.36. Photograph of the 
experimental high T c super- 
conductor BPF, by courtesy of 
Dr. Enokihara 




Frequency (GHz) 



Fig. 4.37. Measured frequency 
responses of the experimental 
BPF 
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4.2.4 Application to Oscillator and Mixer Circuits 

(a) Input Impedance Characteristics 

As described in Sect. 4.2.1, the split- ring resonator possesses resonance and 
antiresonance points which are alternately aligned on the frequency axis. This 
phenomenon is also seen in a A g /2 type SIR possessing internal couplings. 
Figure 4.38 illustrates the calculated impedance of a hairpin-shaped SIR. 
The shunt resonance, namely antiresonance, frequency of this resonator is 
designed at 1.5 GHz, and the electrical parameters are given as Z$ = 60 ft, 
0 S = 38°, Z pe = 41.6ft, Z po = 21.6ft, 0 P = 25°. 

As can be seen from the figure, the resonance (serial resonance) points 
and antiresonance (shunt resonance) points, shown respectively as Im{Z[] = 0 
and Im[Zj] = oo, are alternately located. The lowest antiresonance point 
is indicated as /pi in the figure, and this resonance point is utilized for 
BPF design. In the case of an oscillator application, a resonator is usually 
applied as an inductive element, and thus the frequency range between anti- 
resonance /pi and resonance point /si, where the impedance of the resonator 
becomes inductive, is employed. This span becomes relatively narrow for 
a strong internal coupling or a small impedance ratio Rz of the hairpin- 
shaped SIR, thus resulting in a steep change in frequency response of the 
reactance component, which consequently contributes to the reduction of 
oscillator phase noise. 

(b) Potential Distribution in the SIR 

Figure 4.39 shows the potential distribution along the transmission line of 
the resonator when assuming the voltage of the open-circuited end of the 
hairpin-shaped SIR to be Vq. The dotted line indicated by Q corresponds 




Fig. 4.38. Calculated input 
impedance of a hairpin-shaped 
SIR 
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Fig. 4.39. Voltage distribution along the transmission line of the resonator 



to a conventional half-wavelength resonator, showing a sinusoidal potential 
distribution. The solid line indicated by ® is the case of a hairpin-shaped SIR. 
This distribution is not sinusoidal, and has a tendency of slight change in the 
coupled-lines section and steep change in the single line section. However, the 
voltages at the two open-ends still become +Vq and —Vo, behaving in reverse 
phase to each other. These characteristics are a basic property required for a 
push-push oscillator described later. Furthermore, the center of the single line 
section becomes a virtual RF short-circuited point where potential attains a 
minimum value and current attains a maximum value. For this section of the 
SIR it is preferable to provide magnetic coupling with an output circuit. 

(c) Circuit Configuration of Oscillators and Mixers 

Figure 4.40 shows the basic configuration of an oscillator using a hairpin- 
shaped SIR. This circuit consists of a SIR and an active circuit which gen- 
erate negative resistance by employing an active device such as a transistor, 
connected to one of the open-circuited ends of the SIR. This active circuit 



Negative 

Resistance 

Circuit 




Fig. 4.40. Basic circuit configuration of an oscillator using hairpin-shaped SIR 






4.2 Internally Coupled SIR 



103 



Local Oscillator 

o- 




\ | — o RF(lnput) 



O IF(Output) 



i 



Fig. 4.41. Basic circuit configuration of a single balanced mixer 



possesses a capacitive component as well as negative resistance, and thus the 
oscillating frequency is determined by the condition at which the inductive 
component of the resonator compensates the capacitive component of the 
active circuit. As previously described, the frequency range in which a SIR 
operates inductively is extremely narrow, and thus the reactance component 
shows a rapid change within this range, consequently contributing to the 
frequency stability of an oscillator applying hairpin-shaped SIR. Power can 
be extracted from the circuit by magnetic coupling at the center of the SIR 
where the current obtains a maximum value. In this example, the output 
power is passed on through the buffer amplifier for circuit stability. Fine- 
tuning of the oscillator can be achieved by trimming the conductive film at 
the open-ends of the SIR or adding a minute lumped-element serial capacitor 
to the coupled-lines. 

Figure 4.41 illustrates the basic configuration of a balanced mixer using a 
hairpin-shaped SIR [18]. This mixer circuit can effectively drive the diode pair 
by utilizing the high voltages of opposite phase generated at the two open- 
ends of the SIR. The SIR is tuned to the input frequency of the local oscillator 
as shown in the figure, and local oscillator power is injected to the SIR by 
magnetic coupling at the symmetrical plane of the SIR to obtain circuit 
balance. From a circuit theory point of view, the SIR in this configuration 
can be considered as a balance-to-unbalance transformer (balun) inserted in 
the local oscillator port. The RF input is connected to the center point of 
the serial connected diode pair as shown in the figure to enable wide-band 
operation which is usually required for RF signals. The IF output is obtained 
from the same point through a LPF composed of LC circuits. Advantages of 
this mixer include its planar configuration of the single-balanced mixer and 
miniaturization of the balun due to the application of hairpin-shaped SIR, 
and its wide applicable frequency range from RF to microwave. 
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(d) Experimental Push-Push Oscillator and Its Characteristics 

Practical applications of SIR as oscillator resonant elements have been de- 
scribed in the previous section. Such applications are based on SIR features of 
narrow inductive frequency span, which consequently realize oscillators with 
low phase noise characteristics. Here we consider an application to a push- 
push oscillator [20] that utilizes the inverse voltage characteristics at the two 
open-ends of the SIR. The push-push oscillator consists of two identical nega- 
tive resistance circuits that are separately connected to the two open-ends of 
the SIR, realizing two oscillating circuits that operate at uniform frequency 
while possessing a reverse phase. Figure 4.42 illustrates the basic circuit struc- 
ture based on a hairpin- shaped SIR. This oscillating circuit is composed of 
two negative circuits and one SIR, and this configuration enables single opera- 
tion of each oscillator as well as simultaneous operation of the two oscillators. 
The negative resistance circuits are composed of identical components, and 
thus both oscillating frequencies are nearly equal. Therefore, for simultaneous 
operation, the injection-lock phenomenon of an oscillator enables the oscillat- 
ing frequency to be locked onto a unique frequency determined by the more 
stable signal among the two circuits. In this injection-locked state, the output 
signals of the two oscillating circuits encounter reverse phase. 

Due to nonlinear operations, the output signal of a typical oscillator con- 
tains various high level harmonics other than the fundamental component. 
Although the output signals of the two oscillators show reverse phase for the 
fundamental component, for the second harmonics they operate in common 
phase. This makes it possible to combine the power of the second harmonics 
by applying an in-phase hybrid, while simultaneously suppressing the funda- 
mental component. Consequently, this configuration can be applied to realize 
a high efficiency osciplier, which is an oscillator with a multiplier function, 
that does not need an output filter. By contrast, by applying a 180° hy- 
brid the fundamental signals of the two oscillators can be combined while 
suppressing the second harmonics. Oscillator phase noise reduction near res- 
onance can effectively be realized with this configuration, for, while the power 
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Fig. 4.42. Basic circuit configuration of the experimental push-push oscillator 
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Fig. 4.43. Circuit diagram of the experimental push-push oscillator 




Fig. 4.44. Photograph of the experimental 
push-push oscillator 



of both oscillators are amplified, the lower frequency noise components which 
are mixed into both oscillators in common phase are cancelled by the 180° 
hybrid. 

Figure 4.43 shows the circuit diagram of the experimental 750 MHz band 
push-push oscipllator. A Colpitz type oscillating circuit has been adopted, 
and the electrical parameters of the hairpin-shaped SIR are as follows, 

Z s = 63 Q, 0 S =45°, 

Z pe = 39 Q, Z po = 25 Q, 0 P = 20°. 

The parallel coupled-lines of the fundamental signal output must be designed 
at an adequate length in order to increase output power, and thus the single 
line length 0$ is increased. Figure 4.44 shows a photograph of the experimen- 
tal push-push oscillator. Characteristics of the applied dielectric substrate 
are: e T — 4.7, substrate thickness H = 0.8 mm, and tan^a = 0.02. This 
allows for a SIR unloaded-Q of about 90. Figure 4.45 shows the spectrum 



106 4. Half- Wavelength-Type SIR 



-10 



a 

PQ 

T3 



* -60 



& 

o 



-no 





i 


| 






■ 


■ 




iffWWW 


S9' 




E 


J IN F ] t P 

mm 




| 








■ 


1 


■ 


1 










■ 




■ 


5 


■ 


1 




■ 








■ 




m 








■ 


i 


1 






| 




■ 


u 




1 








■ 


■ 


| 


| 


Hi 


■ 


5 


im 


■ 


I 






| 


■ 


■ 


■ 


■ 


n 


s 


B 


R 


1 










Hh 




r n 


■ui 




■■g 








■ 




H 




■ 


■ 


■ 


HI 


1 


Hi 



0.6 



Frequency (GHz) 



2.1 



Fig. 4.45. Frequency spectrum of 
the experimental push-push oscil- 
lator at port- 2 




Fig. 4.46. Phase noise charac- 
teristics of the experimental os- 
cillator 



obtained from the combined output of the fundamental signals recorded at 
output port-2. An approximate 40 dB suppression is observed for the second 
harmonics as compared to the fundamental signal. Additionally, for an op-, 
posite configuration applying an in-phase combiner, results showed a 25 dB 
suppression of the fundamental signal as compared to the extracted second 
harmonics. 

Figure 4.46 illustrates the phase noise characteristics of the combined 
output of the fundamental signal. The figure shows a comparison between 
a conventional Colpitz type oscillator and a push-push oscillator using SIR 
of the same structure as described above. Results suggest a phase noise im- 
provement of about 9 dB by adopting the push-push oscillator configuration. 
These results illustrate an important feature of the push-push oscillator. 

Although these experiments were carried out in the 750 MHz band to 
assess the fundamental characteristics of the push-push oscillator, further 
circuit balance can be realized by adopting planar circuits as the resonator 
structure while introducing MMICs for the oscillator section. These condi- 
tions are easily achieved at higher frequencies, thus implying that a push-push 
oscillator applying a hairpin-shaped SIR realizes maximum availability in the 
microwave region rather than the RF band. 
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A one-wavelength resonator formed by a stripline, micro-stripline, or slot- 
line structure features low radiation-loss characteristics, and a structural ad- 
vantage enabling the elimination of parasitic components which are usually 
induced at the open- and short-circuited ends of conventional half- or quarter- 
wavelength resonators. These features account for their frequent application 
to standard resonators for measuring stripline characteristics and dielectric 
substrate properties. However, when considering their practical application as 
single mode resonators, the overall size of the A g (one- wavelength) resonator 
becomes a large handicap as compared to the other candidates. 

It is well-known, however, that there are two orthogonal resonance modes 
within a one- wavelength ring resonator [1]. Using these two modes, their 
application to filtering devices has been well studied and practical use has also 
progressed [2-4]. Practical application of this dual- mode ring resonator can 
broadly be divided into two approaches. The first approach is an application 
to four-port devices by independently operating the two orthogonal modes, 
while the second approach is to utilize an internal coupling between the two 
degenerate modes to realize two-port devices [5]. 

We start our discussions by investigating the two orthogonal resonance 
modes in the ring resonator, illustrating the possibilities of exciting two modes 
of different frequency while maintaining spatial orthogonal conditions. In 
other words, the basic properties of two orthogonal resonators with different 
resonance frequencies are discussed. Resonator structures using SIR follow, 
and discussions focus on possible application to diplexers as four-port devices. 
Filtering devices are the primary two-port device application. We consider 
the analysis method of coupling between orthogonal modes, and furthermore 
describe design examples of filters using A g -type SIR. 



5.1 Orthogonal Resonance Modes in the Ring Resonator 

The dominant resonant mode excited in a one- wavelength type ring resonator 
is treated as a quasi-TEM mode for a structure with a narrow line width 
compared to ring radius, or a TMno mode otherwise. Here we concentrate 
on the basic behavior of the ring resonator by introducing the simplified 
model based on a quasi-TEM mode resonance. 
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Fig. 5.1. Orthogonal resonance modes in the ring resonator 



As shown in Fig. 5.1, four ports are connected to the ring resonator, each 
spatially separated at 90° intervals. When port® is excited with an elec- 
tric field, a resonant mode illustrated as mode# 1 in the figure is generated 
within the resonator. The electrical potentials of port© and port® are zero 
in this case, thus making it possible to simultaneously excite port© to obtain 
a mode#2 resonance. The electrical potentials of port® and port© become 
zero for this mode, thus enabling two independent resonance modes to si- 
multaneously exist in the ring resonator. The above-described phenomena 
can qualitatively be explained by the concept of the travelling wave. The 
incident wave at port® generates clockwise and counterclockwise travelling 
waves. These two waves reach port© in the same phase, while at port© 
and port© they encounter opposite phase. Therefore, the incident wave at 
port® can propagate to port© while disappearing at port© and port®. 
In the same way, the incident wave at port© can propagate to port® but 
will not appear at port® and port®. Note that this discussion is based on 
orthogonal modes of the same frequency. Orthogonal modes of two different 
frequencies will be investigated in the following chapter. 

A high voltage with a 180° phase shift is generated between port® and 
port® in Fig. 5.1, and by serially connecting capacitor C between these two 
ports, the resonance frequency can be lowered to fa (/o > fi) as illustrated 
in Fig. 5.2a. Figure 5.2b shows an equivalent circuit expression of this circuit 
at resonance [5], where shunt capacitors 2 C are connected to both ports. 
Circuit symmetry is preserved even after inserting capacitor (7, and thus 
when exciting port®, the electrical potential of port® and port® will still 
be zero, allowing the resonance frequency to remain at /o- This allows for 
the ring resonator to possess two orthogonal resonance modes of different 
frequency. Utilizing such orthogonal resonance modes within a ring resonator, 
numerous microwave devices have been proposed and developed. 




5.2 Application of A g -Type SIR as Four-Port Devices 
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(a) (b) 

Fig. 5.2. Orthogonal resonance modes with different frequencies 



5.2 Application of A g -Type SIR as Four-Port Devices 

Figure 5.3 shows a typical application examples of a four-port device which 
independently utilizes orthogonal resonance modes of the same frequency. In 
these circuits, port® and port® are used as input and output terminals, 
while external circuits are inserted between port® and port®. These struc- 
tures function as filtering or oscillating devices by independently utilizing 
the two resonant modes. By applying a phase shifter consisting of a capaci- 
tor and/or inductor as an external circuit, a two-stage bandpass filter can be 
realized by optimizing circuit parameters. 

A tuned amplifier has been experimentally constructed [5] by introducing 
a unilateral amplifier as the external circuit. This circuit consists of a pre- 
filter, amplifier with adequate input and output matching, and a post-filter. 
Conventional active filters frequently discussed in the RF and microwave 
region show practical performance in gain, but possess drawbacks concerning ' 
noise figure and circuit stability. Although this ring resonator applied tuned 
amplifier structure is not categorized as an active filter, its functions equal 
such active filters, thus applying a practical solution considering noise figure 
and circuit stability. 




® Output 



Fig. 5.3. Ring resonator four-port device 
with an external circuit 
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Fig. 5.4. Miniaturized dual-mode ring 
resonator with different frequencies 



The application of a four-port ring resonator as an oscillator resonant 
element has been proposed. One such example is a low phase noise voltage- 
controlled oscillator, where an actual design has achieved electrical perfor- 
mance applicable to actual mobile communication equipment. Another ex- 
ample is the application to an osciplier, i.e. an oscillator possessing multiplier 
functions. Circuit behavior of this circuit can be explained using the ring res- 
onator shown in Fig. 5.1. By realizing an oscillator structure where an active 
circuit possessing negative resistance is connected to port®, the potential 
at ports © and ® become nearly zero for fundamental frequency / 0 . For 
the second harmonics 2/o, however, the potential attains maximum values 
with equal phase. Thus, by combining the output power at ports © and 
® with capacitive or electrical coupling, a 2/o output signal with suppressed 
fundamental components can be obtained. Reports claim an extremely stable 
output and a fundamental suppression level of over 18 dB for an experimental 
voltage controlled oscillator with a fundamental frequency of 800 MHz [5]. 

The principle of circuit behavior enabling two orthogonal modes within 
a ring resonator to resonate at different frequencies has been described in 
Fig. 5.2. For practical application, a planar circuit configuration possessing 
open stubs at each port as shown in Fig. 5.4 is preferable when considering 
factors such as circuit performance degradation due to lumped-elements and 
requirements of size reduction. Fqrthermore, a four-port ring resonator with 
stepped impedance configuration, as shown in Fig. 5.5 can be applied in order 
to satisfy requirements for a wider separation of the resonance frequencies 
and to avoid restriction of stub use. Expressing the resonance frequencies 
exciting ports © and ©, respectively, as /oi and / 02 , the equivalent circuits 
at resonance for both orthogonal modes can be expressed as in Figs. 5.6a and 
b. Since both circuits are composed of two parallel connected A g /2 type SIR, 
the discussion in Sect. 4.1.1 can be applied and thus the resonance condition 
can be expressed as follows [6]: 



tan 9 1 tan 82 = Z 2 /Z 1 — Rz . 
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Fig. 5.5. Stepped impedance dual-mode 
ring resonator with different resonance 
frequencies 




Fig. 5.6. Equivalent circuits of two resonance modes of ring-type SIR. (a) Rz — 
> 1. (b) Rz — Z 2 / Z\ < 1 



Under the conditions of 9 \ = O2 = 9 , assuming the 9 values at /01 and / 0 2 as 
$oi and 9 o 2 , respectively, we obtain, 

6*01 = tan -1 y/Rz 
9 02 = tan 1 a/I /Rz- 



Furthermore, assuming 9 o(— 7r/4) as the 9 value of the uniform impedance 
resonator (UIR), 




/01 n n foi 

To e °-~±To 




Thus, by normalizing the frequency difference Af between /o 1 and /02 by /o 
we obtain, 
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Fig. 5.7. Resonance frequency sepa- 
ration of a ring type dual-mode SIR 




Fig. 5.8. Schematic configuration of diplexer using ring type dual-mode SIRs 
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tan 1 \J Rz — tan 1 \/l/Rz 



(5.1) 



Figure 5.7 illustrates the relationship between Rz and frequency separation. 
By choosing Rz ~ 0.5, a Af /fo of 0.43 can be obtained, implying that 
a diplexer with wide pass-band separation can be designed. A multistage 
diplexer utilizing the above characteristics can be realized by a cascaded 
connection of ring resonators with two bandpass filters designed to satisfy 
the specifications of each passband as shown in Fig. 5.8. 



5.3 Application of A g -Type SIR as Two-Port Devices 

5.3.1 Coupling Means for Orthogonal Resonant Modes 

As previously described, for a two-port application, the two orthogonal modes 
existing within a ring resonator are used as coupled modes instead of inde- 
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Perturbation 




Fig. 5.9. Basic structure of a dual- 
mode filter using a stripline ring res- 
onator 



pendent use. Thus, the most typical application of two-port devices are band 
pass filters. Figure 5.9 illustrates the basic structure of a dual-mode filter 
using one-wavelength ring resonators. Input and output ports are spatially 
separated at 90° intervals, and an adequate perturbation or discontinuity is 
positioned at an equal distance from the input and output ports (point C or D 
in the figure). The behavior of the combination of two orthogonal resonance 
modes can qualitatively be explained by applying the traveling wave theory 
to this figure. For simplicity, we assume a structure where the resonator is ex- 
cited by electric coupling, and the input /output ports are capacitive coupled 
as shown in the figure. We first consider a case eliminating the perturbation 
or discontinuity within the resonator. The incident wave excited at the in- 
put port generates a strong electric field at point A due to electric coupling. 
The electromagnetic waves due to this electric field propagate clockwise and 
counterclockwise reaching point B at a reverse phase, where the phase of 
the clockwise wave is 270° while the counterclockwise wave is 90°. Thus, as 
explained in Sect. 5.1, the electric field amplitude at point B due to these 
waves becomes zero, and no response is generated at the output port. 

Bearing this behavior in mind, we next position a discontinuity such as 
stub or notch at point C. As with the previous case, a strong electric field 
is generated at point A by exciting the input port, and thus two travelling 
waves are excited. The counterclockwise wave reaches point B at a 90° phase 
shift. Further propagating to point C at a 135° phase shift, a portion of this 
wave is reflected at in-phase or reverse phase due to the discontinuity in the 
transmission line of the resonator. Considering the reflected wave as in-phase, 
this wave propagates to point B while encountering a further phase shift of 
135°. The total phase shift from point A becomes 360°, and thus the electric 
field magnitude of this reflected wave attains its maximum value at this 
point. This allows the wave to propagate through the output port by electric 
coupling. Similarly, the reflected wave of the clockwise travelling wave due 
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(d) Coupled-lines 



Plane of symmetry 

Fig. 5.10. Structural variations of a dual-mode stripline ring resonator filter 



to the discontinuity can also propagate through the output port. When the 
reflected wave is excited in this form, the spatial phase relationship between 
the incident and the reflected wave can be expressed as mode#l and mode#2 
in Fig. 5.1. This implies the simultaneous existence of two orthogonal modes, 
claiming that the two orthogonal modes can be coupled by the presence of 
discontinuity in the ring resonator. 

The coupling strength between the two modes will depend on the ampli- 
tude of the reflected wave, and thus is determined by the structure of the 
discontinuity or perturbation. The above discussion illustrates the nature of 
coupled mode behavior. General conditions [5] realizing a dual-mode filter 
using one- wave length ring resonator are as follows: 

1) The input and output ports should be spatially separated at 90° intervals. 

2) A discontinuity or an alternative means of generating a reflected wave 
against the incident wave should exist within the resonator. 

3) Symmetrical circuit geometry should be applied. 

Figure 5.10 illustrates structural examples of a typical dual- mode filter 
satisfying these conditions. The stepped impedance structure shown in (c) has 
two advantages and is often applied to dual-mode filters. The first is a highly 
flexible design obtained by controlling the two parameters of impedance ratio 
and step length. The second is the step discontinuity structure itself, which 
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allows for a negligible center frequency shift. The following discussions focus 
on this stepped impedance structure as a discontinuity element, presenting 
the analysis method of dual mode coupling and practical application examples 
of the ring resonator. 



5.3.2 Analysis of Coupling Between Orthogonal Resonant Modes 



As previously described, a dual- mode filter based on a ring resonator struc- 
ture is considered a symmetrical two-port circuit, and thus can be analyzed 
as a one-port circuit by applying a conventional even- and odd-mode exci- 
tation method. Even-mode excitation, where two in-phase signals of equal 
amplitude are simultaneously applied to the input and output ports, satisfies 
open-circuited conditions at the symmetrical plane of the circuit. Thus the 
circuit can be divided into two identical sub-circuits at the symmetrical plane, 
and analysis is based on either sub-circuit by applying an open-circuited con- 
dition to the divided plane. Similarly for odd-mode excitation, where signals 
of reverse-phase are applied to the input and output ports, an identical cir- 
cuit satisfying short-circuited conditions at the divided plane is considered. 
The resonance conditions for each mode are analyzed from the above sub- 
circuit, and the derived resonance frequencies are used to obtain the coupling 
between the two orthogonal resonance modes. 

The coupling coefficient k between the orthogonal resonance modes can be 
expressed in the following form [6] using the even- and odd- mode resonance 
frequencies, respectively expressed as / eV en and /odd- 




2 1 /, 



even 



/. 



even 



/odd | 
/odd 



(5.2) 



Figure 5.11 illustrates equivalent circuit expressions of the SIR ring resonator 
excited by even- and odd-mode conditions, where the step junction is centered 
on point C. The circuit becomes open-circuited at points C and D for even- 
mode excitation, while for odd-mode excitation the same points obtain short- 
circuited conditions. As previously discussed, the discontinuity within the 




Fig. 5. XX. Equivalent circuits for even- and odd-mode excitation 
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circuit can be centered on point D, and the analysis method described below 
can still be applied. Here we focus on point C as the center of discontinuity, 
for which a step junction is applied in this case. 

The characteristic impedances of the ring resonator and the step portion 
are expressed as Z r and Zs, respectively. The electrical length of the step 
portion at the center frequency /o (resonance frequency of a UIR without 
a step junction) is 2#s> and 9\ = tt — 9s- In addition, the even- and odd- 
mode resonance frequencies normalized by center frequency /o are expressed 
as fne ( = feve n//o) and fno ( — fodd/fo')i and impedance ratio Rz ~ 

Using the above parameters, the even- and odd-mode resonance frequencies 
are derived as the following equations. 

For even- mode : Rz tan (9\f ne ) + tan (9s fne) — 0- (5.3) 

For odd-mode : tan (#i/ no ) + Rz tan (#s/no) = 0- (5.4) 

The following discussions focus on the attenuation poles which are frequently 
generated in the attenuation region near pass-band. These poles are caused 
by the perturbation within the ring resonator, and are extremely important 
from a practical point of view due to a capability of improving attenuation 
characteristics in the stop- band. For a symmetrical circuit such as a dual- 
mode resonator, the attenuation poles emerge under a frequency condition 
where the intrinsic impedance of both modes becomes equal. Under these 
conditions, the currents due to the odd- and even-mode encounter a reverse 
phase at the output port, thus canceling each other out. In the case of a 
one- wave length ring resonator, the attenuation poles can be analyzed in the 
following manner. 

Considering the two propagation paths between the input and output 
ports shown Fig. 5.12a, the Y matrix of the corresponding circuits are ex- 
pressed as Y' and Y". The dual-mode filter is equivalent to a parallel connec- 
tion of these two circuits, as shown in Fig. 5.12b. The output voltage becomes 
zero at a frequency inducing the attenuation pole, because the input signal 
applied to terminal 1 — 1' does not appear at output terminal 2 — 2'. The 
output current I 2 also becomes zero at this pole frequency, and thus the 
following condition is derived: 




Consequently, the circuit condition generating the attenuation poles is 
given as, 

F'i=-r 2 ". (5.5) 

Thus, the attenuation pole frequency can be obtained by solving the above 
equation. However, (5.5) is valid only when the attenuation poles actually 
exist, and depending on the discontinuity structure, conditions where they 
do not appear could also exist. Furthermore, this structure can be altered to 
generate attenuation poles at both upper and lower sides of the pass-band, 
or at only either side. 
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Condition :/ 2 +/ 2 =0 ^ F 21 =-Y 21 

Fig. 5.12. Analysis method of attenuation poles in a dual- mode filter, (a) Equiv- 
alent expression with two propagation paths, (b) Corresponding circuit expression 
using Y-matrices 



Figure 5.13 illustrates the relationship between step length and / ne , / no , 
and also between step length and normalized pole frequency, for Rz =0.5. 
The coupling coefficient can be obtained from / ne and f no by applying (5.2). 
The figure suggests that the frequency span between f ne and f no enlarges in 
accordance with step length. 

Figure 5.14 shows calculated values of even- and odd-mode resonance 
frequencies and attenuation pole frequency as a function of impedance ratio 
Rz (= Zs/Z r ), for a constant step length of 5°. Though partly due to a short 
step length, the results imply that a large coupling coefficient cannot be 
achieved by simply changing Rz . 

Rz = 1 represents a uniform impedance resonator (UIR), for which there 
is no coupling between the two orthogonal modes due to f ne — f no . Under the 
condition of Rz > 1, the figure suggests that the attenuation poles will not 
be generated, due to a SIR structure disqualifying (5.5). Thus, we understand 
that the attenuation poles are dependent on the perturbation structure, and 
cases where they do not exist can be assumed. 

Figure 5.15 shows an experimentally observed example of even- and odd- 
mode resonance and the attenuation poles. Measurements were based on 
conditions of / 0 = 1.9 GHz, Z T = 50 Zs = 25 Q(Rz =0.5), and 20s = 
20°. The coupling strength between input and output port are loosely set 
to avoid any interference to the resonance characteristics. Calculated and 
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Fig. 5.13. Resonance frequency of a ring-type SIR as a function of step length 29s 




Characteristic impedance ratio Z^Z Q 

Fig. 5.14. Resonance frequencies of a ring type SIR as a function of impedance 
ratio Rz 



measured results, including the coupling coefficient between the orthogonal 
modes, are summarized in Table 5.1. With the exception of a slightly low 
value for measured frequency, the results show good agreement, thus proving 
the validity of the analysis method described. 

The above discussion is based on a case where the perturbation or discon- 
tinuity within the transmission line is centered on point C in Fig. 5.11. As 
previously described, this analysis method can be applied to a case where the 
perturbation is centered on point D, and similar properties can be obtained 
through analysis. 
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Fig. 5.15. Measured frequency response of the ring type SIR 



Table 5.1. Comparison of calculated and measured data 





Calculated 


Measured 


fne 


0.950 


0.945 


/no 


1.028 


1.025 


k 


0.040 


0.041 


f np 1 


1.167 


1.163 


/np2 


0.827 


0.817 



5.3.3 Application to Filters 

The basic structure of a multistage bandpass filter using ring-shaped SIR is 
a cascaded connection of dual mode filters consisting of one-ring resonators. 
Here we discuss the design technique for a basic dual-mode filter applying 
SIR. The difference between a conventional resonator-coupled filter and an 
orthogonal resonance mode filter is that in the former case, the resonator and 
coupling circuits can be divided, thus allowing discussions to be held sepa- 
rately, while for the latter this cannot be done. An example in the case of a 
dual mode filter is that the attenuation characteristics differ by the coupling 
circuit structure, namely the discontinuity structure and its location, even if 
coupling strength is kept constant. This implies that even for a fixed speci- 
fication of pass-band bandwidth, the attenuation characteristics will change 
in accordance with the discontinuity structure. Our discussions focus on a 
filter design method in which pass-band characteristics are regarded prior to 
attenuation performance, based on the conditions of a given pass-band band- 
width. An approximate design method is applied by assuming a two-stage 
BPF where capacitive coupling is adopted for input and output coupling. 
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The center frequency /o, relative bandwidth w, and element value go,gi, 
<? 2 > <?3 of two-stage BPF are assumed given from the design specifications. As 
described in the appendix, the interstage coupling coefficient k \2 is expressed 
as, 



w 



U2 



\Jg~i92 



When applying SIR as a resonator element, it is required to determine the 
step structure according to the discussion in Sect. 5.3.2. Input and output 
coupling capacitor Cs is given from the equation derived for capacitor coupled 
BPF in Sect. 3.2.1. 




^oi 

^o^/l — ( Joi/Gs ) 





5 



G$ : Source conductance 
b r : Resonator slope parameter. 



In addition, the slope parameter b r can be obtained under the assumption of 
a one- wavelength resonator as, 



b r = 7 r/Z r = nY r . 

Due to a dependency on the discontinuity structure and location, attenua- 
tion performance must be confirmed by the direct calculation of transmission 
response. Although an approximate design can be obtained from the above 
discussion, these calculations are merely assumptions due to the difficulty 
of separating the resonator and coupling circuits, and thus center frequency 
shift due to the coupling circuits yield adjustment of the physical dimension 
of the ring resonator. However, as illustrated above, the structural simplicity 
of the dual-mode filter enables easy calculation of an approximate transmis- 
sion response, and by applying these results as initial values, rigorous design 
parameters can be obtained through CAD optimization. 

Based on the above design method, three experimental dual-mode filters 
with a center frequency /o of 1.9 GHz and relative bandwidth of 0.5%, 1.4%, 
and 2.0%, were designed and fabricated using ring-type SIR. The impedance 
ratio Rz was chosen as 0.8 ( Z r = 50 Q, Zs = 40 D), and the coupling length 
was controlled by adjusting the length of transmission line Z$. The design 
parameters are summarized in Table 5.2. Figure 5.16 shows a photograph of 
the experimental filters, fabricated on a substrate measuring 27 mmx27 mm 
with a relative dielectric constant £ r = 10.5 and thickness 1.27 mm. 
Lumped-element chip capacitors are adopted as input and output coupling 
capacitors. Calculated attenuation and return loss characteristics are illus- 
trated in Fig. 5.17, while actual measured results are shown in Fig. 5.18. 
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Table 5.2. Dual-mode filter design parameters 

Center frequency / 0 = 1.9 GHz 

Impedance Ratio Rz = 0.8 (Z r — SOD, Zs — 40 D) 



Filter Type 


I 


II 


III 


Relative Bandwidth w 


0.5% 


1.4% 


2.0% 


Step Length 26s 


8° 


18° 


28° 


Coupling Capacitance C$ 


0.28 pF 


0.44 pF 


0.54 pF 




Fig. 5.16. Photograph 
of the experimental dual- 
mode filters 




Frequency [GHz] 



Fig. 5.17. Calculated 
responses of the experi- 
mental filters 



A good agreement is seen between design and actual results, thus demon- 
strating the validity of the design method described. In addition, the attenu- 
ation poles appear in both the upper and lower sides of the pass-band, giving 
a steep gradient of attenuation in spite of a two-stage BPF structure. This 
circuit behavior is illustrated as one of the features of a dual-mode filter using 
ring-type SIR. 

Low radiation properties are another feature of the ring resonator worthy 
of note. Radiation loss generally shows a remarkable increase in the millime- 
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Frequency [GHz] 



Fig. 5.18. Measured re- 
sponses of the experimental 
filters 



ter wave region, and thus it becomes difficult to adopt the A g /2 type uniform 
impedance resonator with open-circuited ends, which is conventionally used 
in the microwave region. In addition, the ring resonator gives more allowance 
to physical dimensions because of its one-wavelength resonator structure, re- 
sulting in a practical advantage of easy manufacturing. These features create 
high hopes for their application to millimeter wave integrated circuits. 

Described here is a dual mode filter for millimeter wave ICs based on a Si 
substrate. In an attempt to realize high-performance low-cost millimeter wave 
ICs, a new manufacturing process has been developed, in which active circuits 
are formed on compound semiconductor chips such as GaAs, and mounted 
on low-cost Si substrates by flip-chip mounting technology. Experimental 
examples applying this new technology, such as a receiver front-end IC, have 
been reported. 

Transmission lines such as micro- striplines formed on a conventional Si 
substrate possess a shortcoming of large transmission loss due to the dielectric 
loss of the substrate. Thus, transmission-line resonator filters constructed on 
such Si substrates could not realize the required performance for practical 
use. 

To overcome this problem, a transmission-line structure applying micro- 
machining technology has been proposed, and an experimental filter based 
on this technology has been fabricated to verify its availability [Tj. Figure 
5.19 compares the structures of a conventional micro-stripline (MSL) to an 
inverted micro-stripline (IMSL) realized by the above technology. 

The electrical field of an ordinary microstripline is concentrated in the 
Si substrate, thus causing a large dielectric loss. In the case of an inverted 
microstripline, the electric field is focused on the air cavity where Si material 
is removed by micromachining technology, thus resulting in an extremely 
small dielectric loss. Figure 5.20 compares calculated transmission losses of 
the micro-stripline and inverted micro-stripline. The figure suggests that the 
influence due to the tan^ of the substrate becomes smaller for an inverted 
micro-stripline, reducing loss to 1 /3-1 /2 as compared to a conventional micro- 
stripline. In addition, as is apparent from Fig. 5.19, the skin effect enables the 
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Si 

/ 

(a) Micro-stripline (b) Inverted micro-stripline 

Fig. 5.19. Structure of micro-striplines fabricated on Si-substrate 



M SL(Micro-sto ripline) 

H = 200 (J. m 
IT— 350 n m 

IMSL(Inverted Micro-storipline) 
H ~ 200 //m 
JT=350 fu m 

7M00 fj m (Si Thickness) 



1(T 4 10' 3 10 2 

Loss T agent (tan 5 ^ ) 

Fig. 5.20. Calculated transmission losses of micro-stripline (MSL) and inverted 
micro-stripline (IMSL) 

current to flow on the surface of the metal conductor contacting the air gap, 
while only a minute portion of it will flow on the boundary surface of the 
Si substrate. This enables the inverted micro-stripline structure to further 
reduce conductor losses. 

We next exemplify the application of a dual mode ring-type SIR filter 
based on this inverted micro-stripline structure, intended for the receiving 
filter of a 30 GHz band wireless communication terminal. Design specifica- 
tions of this experimental filter are as follows. 

Center frequency : / 0 — 31.5 GHz 

Pass-band bandwidth : W > 1.0 GHz 
Attenuation : Ls > 15 dB at 35 GHz 

Pass-band insertion loss : Lq < 1.5 dB 

The coupling coefficient of orthogonal modes within the ring resonator, which 
satisfies specifications, is chosen a s k — 0.047, and thus the resonator param- 
eters are determined as follows; 
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Fig. 5.21. Calculated 
responses of the exper- 
imental ring type SIR 
dual-mode filter 



Z r = 90 

Z S = 70Q, 2<9 S = 36°. 

As a result, the attenuation poles are calculated as 

/pi = 28.5 GHz 
/ p2 = 36.0 GHz. 

Consequently, an attenuation of 24 dB, which meets specifications, is obtained 
at 35 GHz. Figure 5.21 shows calculated transmission characteristics of the 
filter realized by these design parameters. The structural parameters of the 
applied inverted micro- stripline are chosen as follows; 

Line width W r = 300 pm (90 fi) 

W s — 500 pm (70 Q) 

Center conductor height H = 200 pm 
Thickness of Si substrate T = 500 pm. 

A calculated effective dielectric constant £ e ff of 1.11 and an unloaded-Q of 
approximately 300 was obtained for this structure. 

Figure 5.22 illustrates the filter circuit pattern, while measured frequency 
response is shown in Fig. 5.23. Measured data showed good agreement with 
designed values for frequency, while the observed pass-band bandwidth was 
slightly wider than expected. Connections between the two substrates of dif- 
ferent structure are assumed to be responsible for such deviation, along with 
the manufacturing accuracy of air gap height H. Even so, design tolerance 
allowed attenuation characteristics to meet specifications. In addition, a mea- 
sured unloaded-Q value of approximately 300, which closely corresponds to 
the theoretical value, was obtained, and consequently the measured pass- 
band insertion loss of 0.7 dB also satisfied target specifications. These re- 
sults obtained satisfy actual characteristics required for the receiving filter of 
practical radio systems, and thus the development of such millimeter wave 
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Fig. 5.22. Photograph 
of the experimental 
dual-mode filter 




Fig. 5.23. Measured re- 
sponse of the experimental 
dual-mode filter 



ICs based on Si substrates are expected to progress in the field of wireless 
communications. Moreover, the introduction of micromachining technology 
has realized practical low-loss transmission lines based on a Si substrate, and 
with this technology we forecast accelerated development of high performance 
cost-effective millimeter wave ICs including built-in antenna structures. The 
dual-mode filter using ring-type SIR possesses good affinity with such mil- 
limeter wave ICs, and thus is considered a promising candidate for filters of 
future application. 




6. Expanded Concept 

and Technological Trends in SIR 



In the previous parts we considered the SIR as a distributed transmission- 
line resonator possessing a step-junction structure. When focusing on broad 
electrical characteristics to classify single-dimensional transmission-line res- 
onators into homogeneous and inhomogeneous impedance resonators, the SIR 
can be categorized as an inhomogeneous impedance resonator. Thus, by ex- 
panding the basic concept of the SIR defined in the previous chapters, an 
expanded analysis method can be applied to inhomogeneous impedance res- 
onators, such as tapered-line resonators possessing a continuous change in 
characteristic impedance. Although in the former discussions the step change 
in characteristic impedance is realized by a geometrical change in the struc- 
ture of the transmission line, an equivalent impedance step can be achieved 
by altering the material applied to the transmission line, or by a combination 
of both structural and material changes. 

In this chapter, we illustrate the possibilities of applying an expanded SIR 
concept to analyze and design various resonator structures including compos- 
ite material, multistep, tapered-line, and folded-line resonators. Discussions 
further extend to the practical applications of such resonator structures, fin- 
ishing with some interesting topics from a practical point of view, concerning 
the future technological trends of the SIR. 



6.1 SIR Composed of Composite Materials 

6.1.1 Combination of Magnetic and Dielectric Materials 

Previous discussion presumed a homogeneous transmission-line medium, 
where the impedance step of the SIR is generated by a geometrical change in 
a transmission-line structure. However, an impedance step can be achieved 
while maintaining physical dimensions of the transmission line, simply by 
changing the material of the transmission line, or for a larger impedance 
change, by changing both material and structure. 

Figure 6.1 illustrates a A g /4 type coaxial SIR structure based on compos- 
ite materials [1,2]. Previous discussions suggest that the diameter ratio b/a 
between inner and outer conductors should be selected as 3.6 to maximize 
the unloaded- Q value of a coaxial resonator. By applying this design criteria, 
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Fig. 6.1. Structure of A g /4 type coaxial SIR using composite materials 



this hybrid SIR structure is expected to realize further size reduction and an 
even higher unloaded-Q. s rl and e r 2 in the figure indicate relative dielectric 
constant (relative permittivity), while {jl y 1 and ^ r2 indicate relative perme- 
ability. The characteristic impedance of a coaxial transmission-line is given 

by, 

2 - 6 oJEbmvrrJE. 

The impedance ratio Rz can be obtained as, 




The wavelength reduction factor is given by l/^/£ r fjL r , and thus conditions 
where p r 2 < fi r i and £ r i < £ r2 while obtaining a maximum ^ r ,£ r become 
indispensable for miniaturization. This implies that for an ideal configuration, 
it is desirable to use a magnetic material for the Z\ section and a dielectric 
materials for the Z 2 section. However, magnetic material possessing excellent 
characteristics in the microwave region are scarce, and thus a SIR structure 
based on several dielectric materials of varied dielectric constant has been 
proposed and experimentally studied. 

6.1.2 Coaxial SIR Partially Loaded with Dielectric Material 

Conditions for miniaturization of SIR based on composite materials have been 
discussed in the previous section. As a practical solution, here we consider 
the structure of a SIR consisting of a combination of dielectric materials. One 
reported example [3-5] employs air for the Z\ section and a material of high 
dielectric constant for the Z 2 section, this corresponding to the conditions of 
Ahi = fir 2 ~ Uro — 1 and £ r2 > £ rl = £ r0 = 1. Figure 6.2 illustrates the actual 
SIR structure. The resonance conditions are the same as a basic SIR, given 
as, 

tan 9\ tan 82 = Rz- 

Total resonator length and partial lengths i\ and £ 2 , normalized by the A g /4 
length in free space, are, respectively, expressed as L nt} L n 1 , and L n2 . The 




6.1 SIR Composed of Composite Materials 129 



Dielectric material 







Z.O/f’,) Z 2 (l/y 2 ) Fi ?; , 6 - 2 ; Ag/4 type coaxial SIR par- 

— RC q — r I — c tially loaded with high-dielectric-constant 

1 P i 2 — P yl £ i 2 ceramic 



relationship between L nt and L n \ is obtained from the resonance condition 
as, 

(62) 

where T = tan(7rL n i/2) -f Rz/ tan(7rI/ n i/2). 

Figure 6.3 shows the calculated results for a case assuming s r = 85. These 
results illustrate the basic features of a SIR partially loaded with dielectric 
material, which are summarized as follows. 

1) The total resonator length is determined by £ r and Rz- 

2) When Rz < 1 / yfz the total resonator length possesses a minimum value 
which is substantially shorter than that of a dielectric loaded UIR. 

3) When Rz > l/y^, the total resonator length possesses no minimum 
value, and is longer than that of a dielectric loaded UIR. 

For the unloaded-Q value, the analysis method described in Chap. 3 can be 
applied, and analytical results have proved similar basic trends [4]. Although 
filters and duplexers based on such SIR structure have been reported [3,6], 
these examples show little advantage concerning miniaturization when com- 
pared to similar circuits based on double coaxial dielectric SIR. Yet for high 
power applications in frequency regions below VHF, difficulties are encoun- 
tered in the fabrication of available ceramic materials, and thus partially 
loaded SIR structures, which consume less material mass, are considered a 
highly available solution due to low production cost and light weight. The 
concept of partially loading dielectric material to a coaxial structure can ef- 
fectively be applied to a low-pass filter (LPF) based on a stepped impedance 
structure. A distributed-element type transmission-line LPF is composed of 
alternately connected transmission lines of high and low impedance, where 
miniaturization can effectively be achieved by applying dielectric material to 
the low impedance lines. Figure 6.4 illustrates a VHF band 5-stage coaxial 
LPF structure based on partially loaded dielectric ceramics, while Fig. 6.5 
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Fig. 6.3. Relationship between L n t 
and L n \ of SIR partially loaded with 
dielectric material 




Fig. 6.4. Photograph of the experimental LPF possessing stepped-impedance 
structure 



shows actual electrical performance. Transmission line LPFs are known for 
their good electrical properties, but due to a handicap of large size, they are 
usually applied in frequency regions above the UHF band. However, by in- 
troducing a stepped-impedance structure employing dielectric materials, we 
understand that withstand practical application even in the VHF band. The 
relative dielectric constant of the ceramics used in this example is 36, and 
overall filter size measures 150mm(L)xl0mm(VF)xl0mm(H). 
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Frequency fGHz] 



Fig. 6.5. Measured fre- 
quency responses of the 
experimental LPF 



6.2 Multistep SIR and Tapered-Line Resonators 

Discussions up to this point treat SIR as a resonator structure possessing 
two transmission lines of different impedance. Theoretically speaking, how- 
ever, there is no necessity to restrict the transmission line impedance within 
two levels, and this structure is adopted only for design convenience. Conse- 
quently, a discussion based on the extended definition of SIR requires con- 
sideration of a multistep resonator structure shown in Fig. 6.6. 

By increasing the step number, the multistep resonator approaches a 
tapered-line resonator at extreme conditions. Despite a scientific interest as 
an object of analytical study, the multistep resonator seems to possess little 
availability for practical use when compared with conventional two-step SIR 
and tapered-line resonators. Yet, when considering the difficulty accompany- 
ing the direct analysis of a linear tapered-line resonator (LTLR), we find it 
extremely convenient to introduce an analysis method based on a multistep 
approximation. In the following section we describe the filter design technique 
and application examples based on this approximation method. 




Number of steps 

n- 2 n = 3 n = 4 Tapered resonator 

Fig. 6.6. Multistepped impedance resonators and linear tapered-line resonator 
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Fig. 6.7. Structure 
of the Ag/2 type lin- 
ear tapered-line res- 
onator (LTLR) and its 
equivalent description 
using multistepped 
impedance resonator 



Figure 6.7a illustrates the A g /2 type LTLR [1,7] with two open-circuited 
ends discussed in this section. This resonator structure is designed to reduce 
conductor loss by employing a wide line width near the center of the resonator 
where maximum current flows, while the open-ends, where no currents flow, 
are narrowed. In addition, the side edge coupling between resonators is easily 
realized by adopting a linear tapered structure, and this enables a strong 
coupling which realizes an availability for application to wide-band multistage 
BPF. 

Figure 6.7b indicates an equivalent expression of the LTLR shown in (a) 
based on an TV-stage multi-step SIR structure, where a good approximation 
is expected by increasing N. Resonator performance can be analyzed by ob- 
taining the total F-matrix of the circuit from the F-matrices of the individual 
lines. This approximation method provides a direct analysis while saving cal- 
culation time as compared to an electromagnetic analysis of the resonator 
structure shown in (a). However, a quasi-TEM mode electromagnetic field 
distribution is assumed for this analysis method, thus possessing applicable 
limits which will be discussed later. 

Characteristic impedance and line width at the open-ends and resonator 
center are expressed as Z 2 ,Z 1? and W 2 W 1 , respectively, as shown in the 
figure. The impedance ratio Rz is defined as Rz = A micro-stripline 

structure is assumed, and edge effects at the open-ends, discontinuities in 
the step junctions, and changes of effective dielectric constant due to line 
width variation are all considered in the analysis. Figure 6.8 shows calculated 
total resonator length Lo as a function of N for a substrate with a dielectric 
constant e T — 10.5 and thickness H = 1.27 mm, at resonance frequency /o = 
2.5 GHz. Results illustrate a deviation of less than 0.5% for N >60, thus 
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Number of divisions N 



Fig. 6.8. Relationship between 
number of divisions N and 
resonator length Lq 




Fig. 6.9. Error estimation of 
resonance frequency of LTLR 
by multistep approximation 



suggesting that a multistep resonator approximation employing a large N 
can effectively be applied to the analysis of linear tapered-line resonators. 
The threshold value of division number N allowing a deviation below 0.5% 
is independent of substrate dielectric constant and resonance frequency, and 
is mainly affected by the impedance ratio Rz- In addition, for a large Rz 
value, the resonator must be treated as a planar circuit, because the currents 
in the resonator show a two-dimensional distribution. 

Figure 6.9 indicates the difference between calculated resonance frequency 
values obtained from rigorous electromagnetic analysis of a planar circuit 
and approximate estimations using a multistep one-dimensional model for 
LTLR. Results suggest that in order to achieve an error of less than 1%, 
the Rz value must be below 2.5. These results illustrate the limitations of 
this multistep approximation method, while within these limits the method 
provides efficient results in an extremely short computation time as compared 
to conventional electromagnetic field analysis methods [7]. 
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Resonance frequency (GHz) 



Fig. 6.10. Calculated results of the resonator 
length Lo 




Fig. 6.11. Calculated results of the 
resonator length normalized by half- 
wavelength UIR 



Considering the above results, the following discussions on LTLR are 
based on conditions of N of around 100 and Rz < 2.5. Single resonator 
characteristics are first examined, followed by an analysis of resonator pairs 
to obtain resonator coupling properties required for filter design, and finally, 
these results are applied to the design and fabrication of an experimental 
filter. The applied substrate possesses a dielectric constant of £ r = 10.5, and 
thickness H= 1.27 mm. 

The relationship between resonator length Lq and resonance frequency 
/o for Rz = 2 is shown in the Fig. 6.10, while the relationship between 
impedance ratio Rz and normalized resonator length L n for /o=2.5GHz 
is shown in Fig. 6.11. The dotted line in Fig. 6.11 indicates the normalized 
resonator length L n o of a conventional two-step SIR { 6 \ = 82 ), and the results 
imply that the change of LTLR resonator length against Rz is smaller than 
that of a two-step SIR. 
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/ 0 = 2.5 GHz £ r =10.5 H = 1.27 mm 
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Fig. 6.12. Calculated results of Q c of 
linear tapered-line resonator (LTLR) 



/ 0 = 2.5 GHz s t = 10.5 H -\ 21 mm 
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Tapping position £ t (mm) 



Fig. 6.13. Calculated results of exter- 
nal-Q (Q e ) by tapped-coupling 



The calculated unloaded-Q values related to conductor losses (<2c), ob- 
tained by the analysis method described in the appendix, are shown in 
Fig. 6.12. In this case also, the resonator is approximated by cascaded multi- 
step lines. For a constant Qc increases in accordance with to impedance 
ratio Rz , because the conductor losses are reduced by a wider transmission 
line width at the center of the resonator where a maximum current is ob- 
served. However, the direct influence of Rz on total unloaded-Q is mitigated 
due to losses generated by the loss tangent of the substrate. 

Figure. 6.13 illustrates calculated external-Q(Q e ) , which is required for 
determining the input/output circuit parameters in filter design. These re- 
sults can also be obtained by applying the analysis method in the Ap- 
pendix, where in this case a tapping method providing magnetic coupling 
is adopted as input /out put circuits. Results are compared between two res- 
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Fig. 6.14. Interstage coupling struc- 
ture of linear tapered-line resonators 
(LTLRs) 




ACLj ACL 2 ACL n1 ACL n 

Fig. 6.15. An approximate description of the side-coupling section by asymmetrical 
coupled-lines 




Fig. 6.16. Interstage cou- 
pling factor between lin- 
ear tapered-line resonators 
(LTLRs) 



onator structures both of Rz =2.0, where Q e is influenced by transmission- 
line impedance due to tapping coupling configuration, resulting in different 
Q e values for an identical tapping position £ t . 

For coupling between the resonators, a parallel arrangement of the res- 
onators, as illustrated in Fig. 6.14, enables a side edge coupling structure 
which has an advantage for easy manufacturing. In this case also, direct 
analysis requires much computation time, and thus the side edge coupled 
region is divided in N sections and expressed as a cascaded connection of 
N sub-circuits consisting of four-port asymmetrical coupled-lines as shown 
in Fig. 6.15. This analytical technique provides a shorter computation time 
while maintaining accuracy for practical design of filter devices. 

Fig. 6.16 shows the calculated interstage coupling factor A; of a linear 
tapered-line resonator- pair, obtained by the method described in the Ap- 
pendix. Round dots in the figure, indicating measured data for a case of 
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Rz = 2 and Z 2 = 50, show good agreement with calculated results, and thus 
proves the validity of the analysis method described. The proposed side edge 
coupling method provides a long coupling length, and consequently a strong 
coupling is obtained. This implies the availability of this resonator structure 
to realize BPF possessing wide pass-band [7]. 

Based on the above results, an experimental BPF was designed and fab- 
ricated. Design conditions are as follows: 

Center frequency : /o = 2.5 GHz 

Pass-band bandwidth : W > 200 MHz 

Pass-band VSWR : VgwR <1.2 

Attenuation : L$ > 20 dB at / 0 ± 400 MHz. 

Considering these specifications, a 3-stage BPF based on a Chebyshev re- 
sponse was chosen as filter design parameters. Thus, element values gj are 
given as, 

go = 94 — 1.0, 

gi= 93 = 0.779, 
g 2 = 1.071. 

As described in the Appendix, the coupling parameters of the filter are ob- 
tained from gj as Q e and k = 0.086. Electrical parameters of the resonator 
are given as Z\ = 25, Z 2 — 50, {Rz — 2.0), while a substrate possessing a rel- 
ative dielectric constant of e r — 10.5, and thickness H— 1.27 mm was applied. 
Thus, the physical parameters of the resonator are obtained as, 

W\ = 3.74mm, W 2 = 1.10mm, 

L 0 = 24.1 mm. 

Furthermore, the coupling circuit parameters are obtained from Fig. 6.13 and 
Fig. 6.16 as, 

£ t = 4.2 mm, 

S/H — 0.84(5 = 1.1mm). 

Finally, considering a slight shift in center frequency due to the coupling 
circuits, the resonator length was corrected through strict calculations based 
on electromagnetic analysis. 

Figure 6.17 shows a photograph of the trial filter. Filter size measures 
60 mm in length and 17 mm in width. Fig. 6.18 compares measured (solid 
line) and calculated (dotted line) frequency response near pass-band. Results 
prove close agreement, thus illustrating the validity of the design method. 
Pass-band insertion losses of less than 1.0 dB were obtained, and low-loss 
characteristics were achieved. Measured wide-band transmission characteris- 
tics are illustrated in Fig. 6.19. Spurious responses are generated at 4.4 and 
6.64 GHz, both corresponding to expected values which were designed at fre- 
quency points shifted from the integer multiples of fundamental resonance 
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Fig. 6.18. Measured and calculated 
responses of the experimental BPF 



frequency /q. In addition, an attenuation of over 30 dB at 2/o and 3/o was 
obtained, these results illustrating the availability of this filter as a harmonics 
suppression BPF. These features resemble the previously described two-step 
SIR, and from these results we understand that the basic features of SIR are 
preserved in LTLR. 

Although the above discussions are based on a stripline resonator struc- 
ture possessing two open-ends as a linear tapered-line resonator (LTLR) ex- 
ample, a Ag/4 type resonator with one short-circuited end can equally be 
applied in the RF bands, where a firm short-termination can be realized 
and generated parasitic components can be ignored. Moreover, this resonator 
structure becomes extremely practical when considering miniaturization. Fig- 
ure 6.20 illustrates a filter example based on this resonator structure. It is 
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Fig. 6.19. Spurious re- 
sponses of the experimental 
BPF 
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Fig. 6.20. Structure 
of an interdigital BPF 
using linear tapered-line 
resonators 



obvious that the design method described above can be applied directly to 
filter design using a A g /4 type LTLR. 

The hairpin resonator with internal coupling, discussed in Sect. 4.2 and 
shown in Fig. 6.21, obtains practical advantages of design flexibility and low- 
loss properties by introducing a resonator structure constructed of three types 
of transmission lines with different characteristic impedance. In addition, this 
resonator can be extended to a more generalized resonator structure as shown 
in Fig. 6.22, by applying a tapered-line structure to the internal coupled-lines 
and the single line. This structure also can be considered as an expanded 
concept of SIR. 



6.3 Folded-Line SIR 

The basic structure of SIR is composed of serial-connected plural transmission 
lines with different characteristic impedance. A single transmission line in a 
SIR structure can be replaced by a combination of transmission lines, allowing 
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Fig. 6.21. Structure of a hairpin-type 
SIR composed of three transmission lines 
having different impedance 




Fig. 6.22. Structure of a tapered-line resonator possess- 
ing inner coupled section 



for new features while maintaining the advantages of a conventional SIR 
structure. An example of this resonator type is the folded-line resonator [8], 
which can be considered as one of the expanded concepts of the basic SIRs. 

Figure 6.23a shows a conventional SIR structure. This SIR becomes equiv- 
alent to the structure illustrated in (b) when the transmission line including 
the open-end in (a) is divided into two transmission lines under the condition 
of Z 2 — 2Z<2 and an equal line length. In practical design, these two lines are 
folded as shown in (c) to enable miniaturization. The electrical performance 
of this resonator structure is equivalent to the conventional SIR shown in 
(a). However, in order to achieve further miniaturization, the coupling effect 
between the transmission lines Z\ and Z 2 must be taken into consideration. 
Furthermore, to obtain an accurate resonance frequency estimation, effects of 
the T-junction and right- angle bends must be accurately calculated, thus re- 
quiring electromagnetic analysis based on methods such as the finite-element 
method. 

Figure 6.24 shows a structural example of a three-stage BPF using folded- 
line SIR. Although this structure is not suitable for a wide-band application 
due to structural restrictions making it difficult to obtain a large I/O cou- 
pling, a narrow-band filter structure with a relative bandwidth of several per 
cent can be achieved, providing advantages of miniaturization. 

While the above illustrates an example of folded-line SIR with two open- 
circuited ends, Ag/4 type SIR with one open-circuited end also possess at- 
tractive applications as follows. One example is the RF short-circuited stub 
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(b) An equivalent circuit of (a) 







Z 2 , 0^ 



(c) Folded-line SIR 




Fig. 6.23. Structural variations of A g /2 type SIRs. (a) Basic SIR. (b) An equivalent 
description of (a), (c) A folded- line SIR 




Fig. 6.24. BPF structure example using folded-line SIRs 



shown in Fig. 6.25. Via-holes, basically applied for short circuits in the RF and 
microwave region, work well for a DC short circuit; however, circuit behavior 
in the RF band tends to become unstable due to stray inductance generated 
at the via-holes. To overcome this problem, short-circuit stubs, operating as 
short circuits at the desired RF frequency bands, are frequently employed. 
An open-ended A g /4 type transmission line or a radial line structure is often 
applied for such stubs, while both structures possess disadvantages, namely 
a narrow band for the former, and a large physical size for the latter. These 
drawbacks can be eased by applying a short-circuited stub using folded-line 
SIR as shown in Fig. 6.25, which possesses a wider band as compared to the 
Ag/4 type stub while maintaining a far more compact physical structure as 
compared to the radial line stub. Assuming Z- ls as the input impedance ob- 
served from the open-end of transmission line Z\ in Fig. 6.25, Z 1S is obtained 
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Fig. 6.25. RF short-circuit using 
folded-line SIR 



as, 




2^2 — Z\ tan$i • tan ^2 
2 Z 2 tan 9\ + Z\ tan O 2 
2 Rz — tan 9\ * tan 82 
2 Rz tan 9i + tan #2 
where Rz = Z 2 /Z 1 . 



Z y s becomes zero under the condition: 



(6.3) 



2 Rz = tan 9\ tan 92 , 

which is equivalent to the resonance condition of SIR, and thus a folded-line 
stub functions as a short-circuit near frequencies satisfying this condition. By 
connecting an ideal terminating resistor Rq to the input port of the short- 
circuit stub, the input impedance seen from the other end of Rq, represented 
as Zl, can be expressed as, 

Zl = Rq + Z is . (6.4) 

Let the normalized impedance Zq — Rq = 50 $1 and 0* = $ 2 , the electrical 
angle allowing a standing wave ratio VSWR of less than 1.2 is obtained 
as follows. 



9l < < 9\i 



(6.5) 



where 0 l = tan 
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In addition, relative bandwidth is obtained as: 

_ — 

0 o 

where Oq = tan -1 y/Rz/2. 

Figure 6.26 illustrates actual calculated results. Results suggest that the 
bandwidth, which increases for a smaller Rz and lower Zi, is substantially 
wider than that of a A g /4 type uniform transmission line. 

Utilizing the compact structure and wide-band properties of folded-line 
SIR, a LPF with excellent cut-off characteristics and a wide stop-band have 
been reported. Figure 6.27 shows an example of an experimental LPF em- 
ploying six stubs based on two different folded-line SIR structures. The circuit 
behavior of these stubs changes from short-circuit to open-circuit in accor- 
dance with frequency, and stop-band width is expanded by changing the 





Fig. 6.26. Calculated 
results of relative band- 
width of 50 H termination 
using folded-line SIR 
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Fig. 6.27. Circuit pattern layout of the experimental LPF using folded-line SIRs 
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Fig. 6.28. Calculated and mea- 
sured responses of the experimen- 



tal LPF 



Internal Coupling 




Fig. 6.29. Folded-line SIR with internal coupled- lines 



frequencies satisfying the short-circuit condition between the central stubs 
and the stubs located at the ends of the BPF. Steep cut-off and wide stop- 
band characteristics are simultaneously obtained by applying a narrow-band 
design for the central stubs and a wide-band design for remaining. 

Figure 6.28 indicates experimental results of the trial LPF. The pass-band 
is below 5 GHz, where an insertion loss of less than 0.5 dB and a return loss 
of 17 dB are obtained. Results show good agreement with designed values 
in the lower frequency bands, while at frequencies above 10 GHz, only an 
overall trend can be confirmed due to a decline in measurement accuracy for 
attenuation values close to 50 dB. 

Although not mentioned in the above discussions, the basic concept of the 
folded-line resonator can equally be applied to a resonator structure possess- 
ing an internal coupling as described in Sect. 4.2. Figure 6.29 illustrates one 
such example. Although this resonator structure shows physical complexity, 
it is known to be suitable for miniaturization because the structure enables 
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a reduction of impedance ratio. In addition, an extended design flexibility 
leaves hope for achieving a high Q value while maintaining a highly compact 
design. 



6.4 Technological Trends of SIR in the Future 

In the previous chapters we have discussed the various resonator structures 
that can be realized by expanding the basic concept of SIR. Although sub- 
stantial progress has been achieved in systematic studies of the SIR, several 
problems remain yet to be solved. Our discussions in this section focus on 
four such topics. 

Our first topic considers the circuit configuration of the SIR. Discussions 
up to this point treat the SIR as a serial connection of two or more trans- 
mission lines of different impedance, and analysis is basically focused on one- 
dimensional circuit theory. However, by applying a circuit configuration based 
on a composition of two-dimensional (planar) circuits and one-dimensional 
circuits, a desired resonator structure can equally be realized. One such ex- 
ample is a A g /2 type SIR accompanying two open-ends with an impedance 
ratio Rz of less than 1. The width of the transmission line at an open-end in- 
evitably increases in accordance with a reduction in impedance ratio i?z, and 
thus a two-dimensional electromagnetic field distribution must be considered 
when analyzing the circuit behavior of such resonator structures. Expand- 
ing on this concept, we consider a resonator structure composed of one and 
two-dimensional circuits such as the examples shown in Fig. 6.30. While such 
resonator structures draw much interest, fundamental circuit behavior is yet 
to be clarified, and practical applications have not been discussed. Detailed 
studies on such resonator structures are expected in the future. 

The next topic concerns the optimum structure of the SIR. Despite the nu- 
merous demands concerning resonator property, from a circuit design stand- 
point, miniaturization and high Q values are basically the most common and 
important requirements for a resonating circuit. Thus, determination of the 
optimal structure allowing a low resonance frequency and maximum Q value 
for a given (or more often limited) resonator size becomes an interesting and 
practical issue. For a coaxial type SIR, we derive Sect. 3.1 the conditions 
giving the maximum Q value based on an optimum relationship between the 





Fig. 6.30. Resonator structures composed of combination of one- and two- 
dimensional circuits 
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Fig. 6.31. Optimum structure of A g /4 type dielectric coaxial SIR 



impedance of the two transmission lines. Conditions for step-junction position 
giving maximum Q values have also been reported. 

Figure 6.31 shows an example of an optimized design for coaxial SIR ob- 
tained from electromagnetic field analysis based on a finite element method 
[9], A lower resonance frequency and a higher unloaded-Q value are prefer- 
able when comparing electrical performance between resonators of identical 
size, and to conduct such assessments, we introduce an index value defined as 
the unloaded-Q value divided by the resonator electrical length (Qo/^t)- 
Optimized results in Fig. 6.31 are based on conditions of 2b = while 
conventional SIR design, also shown in the figure, is based on conditions of 
minimum resonator length, namely — t%. Results in the figure suggest that 
the index value can be improved from 1.29 to 1.34 by optimizing resonator 
structure. Although conditions 2b = are applied for optimization of Qq in 
this example, other conditions can equally be applied. However, few detailed 
and systematic studies on structural optimization of SIR have actually been 
conducted, and research on this issue is left for future assessment. In the case 
of a dielectric double coaxial resonator (DC-SIR) described in Sect. 3.4.4, 
the low impedance sections, namely 1 2 and £ 3 , are restricted in length due to 
manufacturing conditions, and thus a structure possessing a relatively long 
£1 section is obtained. Although this structure is considered advantageous 
for high Q characteristics, strict analyses compared with conventional SIR 
are yet to be investigated. SIR structures applying planar circuits also pos- 
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Fig. 6.32. Structural variations 
of planar SIR possessing the same 
outer-fringing shape 
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Fig, 6.33. Stripline SIR 
fabricated on a substrate 
with gradient dielectric 
constant 



sess numerous structural variations as illustrated in Fig. 6.32, yet structural 
superiority concerning electrical performance has not been studied. It is an 
interesting technological topic to study the relationship between unloaded-Q 
and occupied circuit area indicating resonator size, comparing various types 
of SIR based on the same substrate and resonance frequency. 

The next topic focuses on revolutionary SIR structures realized by the 
progress in present day material technology. Recent progress in ceramic pro- 
cessing technology has enabled substrate materials possessing gradient di- 
electric constant [10], as illustrated in Fig. 6.33. Reports reveal an experi- 
mental substrate possessing ten layers of different dielectric constant ranging 
from 17 to 60. Various SIR structures can be realized by introducing such 
functional materials, consequently improving features of compact size and 
high Q value. Two such examples, respectively based on a hairpin and coax- 
ial resonator structure, are illustrated in Fig. 6.33 and Fig. 6.34. Although 
transmission-line width is constant for both structures, these resonators are 
classified as SIR due to a sequential change in transmission- line impedance. 
Further progress in processing technology allowing optional ceramic thickness 
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Fig. 6.34. Coaxial SIR 
using dielectric constant 
gradient material 



of the individual layers is anticipated, leaving high expectations for various 
applications of this structure. 

Our final topic concerning SIR future trends is the expansion of applicable 
frequency range. SIR R&D up to now have progressed mainly in frequency 
bands ranging from UHF (0.3-3 GHz) to SHF (3-30 GHz), and various prod- 
ucts have proved their availability in these frequency bands. Although SIR 
application to the VHF band (0.03-0.3 GHz) is technically possible, when 
considering the availability of compact and high Q resonators such as SAW 
devices already developed in this frequency region, application is restricted 
to special scenes where SIR structure is inevitable. One such promising ap- 
plication is the high power filter. Although a dielectric resonator BPF could 
equally be applied for this purpose, the volume of the dielectric material re- 
quired for this frequency band increases to a point where ceramic processing 
become extremely difficult. Under such processing restrictions, an air cav- 
ity type DC- SIR emerges as a powerful candidate, and when considering its 
metal-based structure allowing effective countermeasures against high-power 
handling accompanying heat, the structure seems to be a perfect solution for 
this restricted application. 

In the millimeter- wave region (the EHF band: 30-300 GHz), applications 
based on one-wavelength ring-type SIR with low radiation loss and half- 
wavelength type SIR with hairpin or loop-shaped structure are expected to 
progress, as previously describeds in Chap. 5. Such developments require 
the proposal of various transmission-line structures based on micromachin- 
ing technology. Furthermore, in addition to filtering devices, SIR application 
to resonance elements coexisting with active circuits within a MIC or MMIC 
are foreseen. In all respects, the SIR possesses an extremely wide application 
range as a transmission-line resonator structure, leaving high expectations 
for expansion of applicable frequency range and further research and devel- 
opment in the future. 
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A.l Design Parameters 
of Direct-Coupled Resonator BPF 

As previously described, bandpass filters in the RF and microwave regions are 
generally realized by the cascaded connection of plural resonators with uni- 
form structure using appropriate coupling circuits. Starting with given filter 
specifications (e.g., center frequency, pass-band bandwidth, VSWR, insertion 
loss, attenuation at specified frequency, etc.), the first step in a filter synthe- 
sis procedure is to obtain the filter design parameters, such as the required 
stage number n, element values gj 1 and unloaded-Q, after choosing the filter 
response type of Chebyschev or Butterworth. In accordance with these fun- 
damental parameters, the next step is to calculate the electrical parameters 
and/or structural parameters based on the applied resonator structure. 

Filter design based on lumped-element LC resonators and lumped-element 
coupling circuits allow direct calculation of the electrical parameters. Con- 
trarily, in the high frequency regions such as RF and microwave bands, 
distributed-element circuits are often applied to filtering devices, and thus 
both electrical and structural parameters are required for filter design. 
Since filter design theories have been generalized and systematized based on 
lumped-element circuit theory, the electrical parameters are first calculated 
by approximating distributed circuits into lumped-element circuits, which 
are in turn converted into the structural parameters determining resonator 
design. 

Filter design can easily be obtained when the conversion between electrical 
and structural parameters is analytically derived and expressed in the form of 
a mathematical equation. Yet for complicated geometrical structures, gener- 
alized conversion equations become difficult to derive, and thus experimental 
results are often combined with analytical expressions in order to obtain the 
structural parameters. Design methods in which filter design parameters are 
determined mainly by experimental results have also been established [1]. 

Recent CAD technology for microwave circuits has shown remarkable 
progress, allowing for accurate and highly reliable analysis of electromag- 
netic circuits possessing three-dimensional structures. While it is possible to 
develop an application-specific simulator for each individual filter structure, 
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here we discuss a generalized method of obtaining design charts [2] required 
for filter synthesis by calculating the electrical performances of fundamen- 
tal filter structures using commercially available general-purpose microwave 
simulators. The intentions of this approach are to determine filter parame- 
ters by replacing conventional experiment-based design processes with virtual 
experiments based on simulated results. 

Circuits parameters required for the experimental method are; resonance 
frequency /o, resonator unloaded- Q (Qq), external- Q ( Q e ) related to in- 
put/output couplings, and interstage coupling coefficient k which prescribes 
coupling between the resonators. The theoretical background and actual pro- 
cedures of this method, where design parameters are determined by simu- 
lating circuit responses using a single resonator and a resonator-pair, are 
described as follows. 



A. 2 Filter Design by Experimental Method 



Based on the initial design specifications of the BPF, center frequency / 0 , 
number of stages n, relative bandwidth w , element values gj , and inser- 
tion loss Lo(dB) are assumed to be given. Resonator structure, resonance 
frequency (center frequency), unloaded-Q((3o)> and external-Q(Q e ) can be 
obtained by examining the single resonator. These parameter can also be 
experimentally measured. 

As discussed in Sect. 3.2.1, insertion loss is determined by Q 0 , which must 
be estimated under the following conditions. 



Q o > 



4.434 ^ 

w ■ Lq 

3 = 1 



(A.l) 



The unloaded-Q (Q o) is determined by the geometrical structure of the 
distributed-element circuit, and thus the relationship between resonator 
structure and Qo must be thoroughly investigated because it becomes an 
extremely important parameter determining the total size of the BPF. 

The external- Q (Q e ) is an important parameter which provides the rela- 
tionship between the filter and the external circuit (input and output circuit), 
thus providing impedance matching between them. They are expressed as [1], 



Q el = 9 -^ i 

W 




9n9n+l 

W 



(A.2) 

(A.3) 



Q e i and Q e 2 indicate the external-Q at the input and output port, respec- 
tively. When the input and output impedance are equal, then Q e 1 = Q e 2 . 

The interstage coupling coefficient k has the following relationship with 
the basic design parameters. 
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y/ 9j 9j 4- 1 



(A-4) 



kjj+i indicates the coupling factor between the j - th and (j-fl)-th resonator. 
The k value can easily be determined by obtaining the frequency response of 
a resonator-pair. 

From the above discussions, we understand that filter design can be 
achieved by considering experimentally measurable values of /o, Qo, Q e > and 
k. Consequently, it is possible to synthesize the BPF by obtaining the rela- 
tionship between these parameters and the physical structure of the filter. 



A. 3 Determination of Q and k 

Using General Purpose Microwave Simulator 



A.3.1 Determination of Q 



The quality factor of a resonator is expressed as three Q values of different 
definition: the unloaded-Q (Qo) which indicates the figure of merit of the 
resonator itself; the external-Q (Q e ) which expresses the coupling condition 
between the external circuits and the resonator; and the loaded-Q (Ql) which 
represents the total Q including resonator and external circuits. The following 
relationship is recognized between these values. 



_1_ _ J_ J_ 
Ql Qe Qo 



(A.5) 



This relationship implies that by obtaining two of the three Q values, the 
remaining can be calculated from (A.5). 

Experimental methods for Q measurement have been studied by Ginzton 
[3], and these results have laid the foundation for the reflection method or 
one-port method. In this section an alternative method, namely the trans- 
mission method or two-port method, is employed. This method is suitable 
for computer simulations where two-port symmetrical circuits are utilized 
to simultaneously obtain Qo and Q e values, while for experimental methods 
obtaining these values accurate results cannot be expected due to increased 
error factors. 

Figure A.l shows a generalized two-port symmetrical circuit for the sin- 
gle resonator. Measurements obtained from actual experimental circuits often 
lack accuracy due to processing limits which make the symmetrical circuit 
difficult to fabricate. Such problems can be ignored when conducting virtual 
experiments based on circuit simulators. In Fig. A.l, the resonator itself is in- 
dicated as F(^), while the coupling circuits are expressed by the admittance 
inverter Jq> which indicates a generalized coupling parameter. For practical 
simulations, the resonators and coupling circuits must be described as actual 
circuit element values or physical parameters in a descriptive language un- 
derstood by the applied simulator. As in an experimental method where Qo 
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Z« 

J 0 : Inverter 
Y(g>) : Resonator 

Fig. A.l. Circuit configuration for determining /o, Qo and Q e 



and Q e are obtained by measuring frequency response, for this method the 
transmission response of the circuit shown in Fig. A.l must be calculated. 
For simplicity, Y (a;) is expressed as follows. 

Y(o J ) = G 0 +}B(io) 

= Go + jb 0 (co/ujo — u>o/u) 

where 

Gq : conductance of the resonator, 

&o : slope parameter of the resonator, 
u>o : angular resonance frequency. 

This expression illustrates a lumped-element approximation of the resonator 
at frequencies near resonance. Furthermore, a G 0 value independent of fre- 
quency is assumed. Considering analysis within a sufficiently narrow fre- 
quency band, the admittance inverter Jo is also assumed to be independent 
of frequency and is thus treated as constant, although strictly it will possess 
frequency-dependent characteristics. Under these conditions, we first obtain 
the total F-matrix [F t ] of the circuit shown in Fig. A.l, and next derive trans- 
ducer loss L(u ), defined as the ratio of power available from the source and 
power absorbed by the load. 

rpi _ [ o j/Jol r i oi r o j/j 0 ' 

L tJ [jj 0 0 J [Y(u) lj [jJo o 

-1 -G 0 /Jo-jb 0 {uj/u>o-ojo/u)/J§ 

1 -1 
_ 'A B t l 
~~ C t D t ' 

Using the above matrix elements, 

L{oj) = A t z o + &t + GtZo + D t Zo 

= ^|(2Z 0 + Go/J 0 2 ) 2 + bg(a;/ W o-W^) 2 /4}- (A.6) 
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0) 



Fig. A. 2. Frequency response of a single 
resonator test circuit 



Considering Qo =b 0 /G 0 and Q e = b 0 /ZoJo, 



L{u) 




(A.7) 



Thus, as illustrated in Fig. A. 2, the frequency response of L(u) will feature 
a single peak characteristic. L(oj) attains a maximum value Lq at u; 0 , which 
can be obtained from (A.7) by substituting u = uj q as, 



L — 1 d- ^ 

Aq — 1 + — F - 

Qo 4 




(A.8) 



ui and U 2 (uJi < <^ 2 ) are defined as the angular frequencies showing a 3dB 
downfall from Lo- Since oq and u >2 exist near the resonance angular frequency 
ujq, ujq — <^1 = <^2 — <^o is assumed, and thus by introducing Q\ as, 




U}\ (jjQ 

U>Q u>i 



L(u) 1 ) is expressed as, 



L(u)\) — 2Xo 

= , Qe 1 (Qe 

Qo 4 V Q 0 , 

Considering (A.8) and (A. 9), 

L 0 = \q\ • nl 

Consequently, we obtain, 



1 



+ 



Qe — — V^O 



Qo — 



VLq 

{V To — 1 ) 



(A.9) 



(A. 10) 



(A.ll) 
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Structural Parameter Structural Parameter Structural Parameter 
(a) (b) (c) 

Fig. A. 3. Design chart examples required for filter synthesis by experimental 
method, (a) Resonance frequency, (b) Unloaded-Q. (c) External-Q 




J 0 , J u : Inverter 
Y(cq): Resonator 



Fig. A. 4. Circuit configuration for determining interstage coupling factor 



The above discussions suggest that the required information on /o, Q o and Q e 
can be obtained from the calculated frequency response of the circuit shown 
in Fig. A. 2 using a microwave circuit simulator. Preparations of the design 
charts exemplified in Fig. A. 3 prove highly efficient time-use for actual filter 
synthesis procedures. 



A. 3. 2 Determination of Coupling Coefficient 



Resonator-pair measurements are a conventional method to experimentally 
obtain resonator coupling coefficients [1], where the two peaks observed in 
the transmission response of a circuit consisting of two identical resonators 
are measured. We start our discussions from a resonator-pair based on a 
structure applied to the basic configuration of the BPF, and by expressing 
this circuit with its inverter parameters, we derive a method for determining 
coupling factor [2] suitable for circuit simulations. Figure A. 4 illustrates the 
circuit configuration of the target resonator-pair. Jo and J 12 represent the 
inverter parameters for I/O and interstage coupling, while the resonator is 
expressed as Y (a;). As discussed in Sect. A. 3.1 total F-matrix and transducer 
loss L(lj) are derived as follows, 




Ap Bp 
C P Dp 

-j y( w )/j 12 - }Y(u>)yjZJ 12 

j5»M 2 
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0) 



Fig. A. 5. Frequency response of a 
resonator-pair 



And thus, 
L(u>) 



\ApZo + Bp CpZ 0 -{- DpZo\ 

= 

= B(u;) 4 -2|j 1 2 2 -(Go + J 0 %) 2 W) : 
+ j ^ 2 2 + (Go + JiZo) | j 4 ZqJq 



(A. 12) 



2 

When Jl j - (G 0 d - J 0 z 0 ) ^ 0, (A.12) has a frequency response possess- 
ing two peaks as shown in Fig. A. 5. Although J 12 > Go + JqZo is not always 
achieved when conducting actual experiments, this condition can easily be 
satisfied for virtual experiments based on simulations, where Jq can be re- 
duced to any given value. A reduction in Jo is equivalent to reducing I/O 
coupling strength, namely, to adopt a loose coupling. Let the angular fre- 
quencies of the two peaks be loi and LJ 2 (u>2 > ^0 > u;i), and the following 
relationship is derived from the conditions giving peak values. 



B(wa) = -B( Wl ) = \J J 12 2 — (G 0 4- JqZo) 2 (A.13) 

Then, 

V / Ji2 2 -(Go + J 0 2 z 0 ) 2 = i (BM - B(u>i)} . 

Thus, J 12 is expressed as, 



J 12 = /{BM - B(u;,)} 2 /4 + (Go + JlZ 0 y. (A. 14) 

In addition, 



B(uj) = b 0 
fro 



/ LO_ Up \ 

V^O U ) 

: slope parameter of resonator. 
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Structural coupling parameter 



Fig. A. 6. Design chart example required 
for determining interstage coupling 




Thus, 



B(lo 2 ) — B(lo\) = 2bo • 



UJ2 — 
UJq 



Considering J 12 = b 0 k , G 0 = b 0 /Qo, and Q e 
expressed as, 



bo/Z 0 Jl (A. 14) can be 



k 9* 



— u)\ 



+ + 



1 1 

+ 



^0 / v Qo 

Assuming Q 0 >> 1 and Q e >> 1, we obtain, 

<^2 — ^1 /2 ~ /l 



fc = 



C^O 



/o 



(A. 15) 



(A.16) 



From the above discussions, it is possible to determine the coupling coeffi- 
cient between resonators by obtaining the circuit response of a resonator-pair 
conditioned to generate two peaks. As described in Sect. A. 3.1, for actual fil- 
ter synthesis, preparation of design charts, which provide the relationship 
between the geometrical arrangement of the resonators and the coupling pa- 
rameters as illustrated in Fig. A. 6, are highly recommended from a practical 
point of view. 
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